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PREFACE

This report was preparcd by Ammann & Whitney, Con-
sulting Engineers, New York, under Contract No. DA 49-129-
Eng-506 with the Office of the Chief of Engineers, Department
of the Army.

This project is part of the FY 1962 research and devel-
opment program of the Offize of Civil Defense, Department of
Defense. It wus assigned to the Office of the Chief of Engineers,
Department of the Array by the Oftice of Civil Defense in April
1962 because of its relation to previous and current investiga-
tional programs and studies in this field being accomplished
under the technical guidance of that agency.
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ABSTRACT

Presented are the revults of A study devoted to the es-
tabiishment of basic criteria ind shock isolation techniques ap-
plicable to hardened civil defe1se shelters for protectiun of per-
sonnel and equipment against ground shock effects from nuclear
weapons. The report includes A comprehensive review of the
state of the art covering backgruund information from which are
catablished ground-shock input dita and shock spectra. person-
nel and equipment shock talerancs criteria, and appropriate
shock-i1sclation methods. General shock isolation schemes, in-
cluding spring systems and cushicning materials, are evaluated.
Design examples and cost estimatis of specific shock isolation
systems are presented and discusted for shallow-buried struc-
tures with populations of 10, 100 ad 250 persons at the 25-,
100-, and 300-p. s.{. blast overpressure levels for a 20-MT
surface burst. Recommendations jor further study are given.

- % %

Qutlined below are brief summaries of the scope ¢f work
of the coniract and the Contractor's approach, findings, and
recommerlations. This suinmary i inteaded to enable the re-
cipient of Lhe report to determine quickly whother the re~,rt
will be of .uterest to nim or to 8 mumber of Ms saff. For a
compreheasive technical summary and detailed conclusions and
recoramendations, the reader is referred to Chapter VIIl of this
report.

Scope of Work

I, Comptiation, revisw, and summarization of avai.able
pertinent publications a... sou=ces of data obtained through # ro-
search of literature and from meotings with agencies and ex-
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perts. Consideration of blast overpressures up to 300 p, s. i.
and a single weapon yield up to 20 MT.

2. Establishment of ground shock input data. Develop-
ment of free-field ground-shock spectra and design spectra for
a ¢0-MT surface burst at 25-, 100-, and 300-p. 8.i. overpres-
sure levels applicable to various types of challow-turied struc-
tures at an average site.

3. Establishment of shock tolerance criteria for per-
sonnel, equipment, and interior fixtures.

4. Evaluation and summarization of the most promising
general types of shock isolation techniques for shallow-buried
structures at overpressure levels up to 300 p. s. i, and a 20-MT
weapon yield.

5. Development of specific shock isolation systems
which provide protection of personnel and equipment housed in
shallow-buried personnel saclters having populations of 10, 100,
and 250 persons at the 25-, 100-, and 300-p. a.i. blast overpres-
sure levels for a 20-MT surface burst.

6. Determination of approximate estimates of quantities
and coets for the design studies of Item 5.

7. Establishment of recommendations for further study.

Amroach

1. Review and svaluation of pertinant publications.

2. Establishment of preliminary shock environment and
shock tolerance criteria.

3. Meestings - rgencies and exps ‘ts to discuss pre-
liminary criteria and -;tablish the most applicable sources of
data.

&4, Re-evaluation of preliminary criteria in cunjunction
with additional information.
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5. Establishment of final shock environment and shock
tolerance criteria.

6. Evaluation of general shock isolation techniques.

7. Development of design examples and cost cstimates
for specific shock isolation systems.

8. Establishment of conclusions and recommendations
for further study.

l-'md‘.n‘s

1. Shock-isolation systems can be effectively and eco-
nomically accomplished for the protection of personnel and
equipment against the effects of ground shock.

2. The design shork environment can be adequately de-
scribed in terms of shock response spectra.

3. Shock tolerances for personnel, as established in the
study, can be designated effectively in terms of either vibration
or impact. Equipment shock tnlerances are designated effect-
ively in terms of vibration.

4. Effective methods of protection for personne! can be
achieved by the use of spring-mounted platforms or by protect-
ive cushioning materials. Preotective clothing and restraining
and bracing devici e can be used to provide suppleinentary pro-
tection.

$S. Shotk protactinn for equipment can he provided v
the use of spring-support aystems.

6. Apjcopriate shock-isolation systems for the shelters
in the dusign examples can be accomplished at additional cone
atpiction coris which vary from 4 to 6% percent of the cost of
sorrospondirg non-shock-isolated ahelters.

ix




Recommendations R

{t is recummended that personnel be subjected to simu-
lated ground shock motions sa as to substantiate the vibration
and iinpact tolerances cstablished in this study. .
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CHAPTER !

INTRODUCTION

1-1 Qltu‘ective

Upon the detonation of a nuclear weapon, pressure waves
of tremendous intensity are transmitied into the air and into the
ground. These waves, which decrvase in peak intensity with
distance from ground zero, propagate radially outward from the
vicinity of the explasion. The rosulting forces imposed on the
ground and on structures buried within the earth, cause the mo-
tions termed "'ground shock'. Personnel and equipment housed
in shelters subjected to ground shock motions require protection
against possible injuries or damage which may result from vi-
bration or impact torces. Such protection can be achieved by
providing an energy-absorbing sysiem (shock isolation) between
the structurc shell and the personnel and equipment.

The purpose of this study is to deveiop effective, econom-
ical shuck isclation techniques applicable to hardened civil de-
fense shelters ior protection uf personnel and equipment against
the effects of ground shock from nuclear weapons. Blast aver-
pressure levels up to 300 p. 5. i. for a 20-MT surface burst are
considered

1-2 Description of Report

The body of the report comprises three groups, namely,
(1) Chapters U1 t¢ VI which contain basic criteria and genc. !
shock isclation methods, (2) Chapter VIl which contains de-
sign studies, and (3) Chapter Vil which summarizes the infor-
mation and dat: presented in the preceding groups and also pre-
sents conclusions and recommendations. In the appendixes will
be found the detailed background informa..on and data from which
were developed the contents of Chapters 1l to VI

Chapter li descridbas the procedure for calculating shock
spectra and includes a discussion of measured ground motions
and structure motions and shock spectra concepts.




Chapters III and IV cover the topic of shock tolerances
for personne. and for equipment. The results of the research
are summariced and recommended tolerance design criteria are
presented.

Chapters V and VI are devoted to gencral shock isolation
techniques, including shock-isolated platforms, protective cush-
ioning materials, protective clothing, and restraining devices.

Design studies of specific shock-isolation systems are
developed and illustrated in Chapter VII.

The appendixes contain a detailed compi lation of the
basic information utilised in the body of the report. To facili-
tate the use of the appendixes, the references prefixed by the
letters A, B. C, or D throughout the discuasions in Chapters II
to VI indicate the corresponding sections of the appendixes which
are pertingnt.




CHAPTER U1

GROUND MOTION AND SHOCK SPECTRA

2-1 Measirad Ground Motions
and Structure Motions

Ground motionz resulting from a nuclear weapon Lurst
may be transmitteu through the giound in a variety of ways.
At any pariicular giound iange, the actual ground shock envir-
onment is & complex combination ¢f many effects. including
air-induced shock, direct-transmitted ground shock, surface
waves, reflected and refracted waves, and coupled effects,
Tluese effects are further complicated by the interaction of the
ground and a buried structure during ground shock.

For design purposes, ground motions associated with
nnclear surface bursts {(surface bursts produce more severe
ground shock affccts than air bursts) are considered to be in-
duced by two distinct processas, namely, (1) air-tnduced
shock, and (2) direct-transmitted grovad shock. The direct-
transmi‘ted ground shock is a transmission of energy into the
ground in the immediate vicinity of the explotion and i¢ usually
of major importance only in very high-prassure regions, Test
data bave indicated that the air-induced cffects ars substan-
tially larger than the direct-transmitted effects for the peak
over pressures and type of site conditions involved in this
siudy. Therefore, only the aire-induced effects need be con-
sidered.

The air=-induced shock is caused by the blast wave
traveling over the grouad surface and gensrating stoess weves
into the ground which creite ground motions. The character-
istics of the air=blast wave (Reference 2. 1) ara & function of
weapon yleld, height of burst, and distance from ground sers,
This blast wave bacomes the impulse lo ‘ding on the ground
surface, {nducing the ground shock effscts. For a particular
impulee loading, the resulting ground motions are dependent
upon geological conditions, type of soil, amd depth below the
surface,

Fleld mweasurements ha /e been recorded during
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nuclear weapon tests. These data have served only as a guide
when estimating ground motions for des’gn inasmuch as the
scope of the test data was limited to specific weapon sizes
and overpressure ranges, and to asite conditions which are
not necessrrily typical, However, these test data, in con-
junction with theorei.cal investigations, have been used as a
basis for establishing ground shock criteria for design pur-

poses.

Figures A-1 to 2.3 (Appendix A, Pages A-4, A-5, &
A=6) include typ.cal curves depicting frse-field vertical accel-
cration, velocity, and displacement versus time as recordec
at the Nevada Test Site for a 40-KT weapoa yield (burst height
of approximately 700 feet) at 229 p.s.i. peak overpressure
as presented in Reference 2,2 (Secvinn A-2,2b), Free-field
refers to the condition of the ground for which there are no
buried structures. CGround motions are shown fcr various
depths below the ground surface down to 50 fe~t., These data
were recorded at a ground range (distance from ground seroc)
where the air-blast wave arrived prior to the ground wave, at
the various depths. The acceleration data were recorded in
the field, whereas the velocity and displacement curves were
obtained by integration of the acceleration curves.

1t is seen in Figure A-1 that the acceleration-time
curves are characterised by a single, sharp, downward peak
{pulse duration of approximately 10 msec. ) preceded and fol-
lowed by lower amplitude disturbances which become less
pronounced with depth because of modification of the wave
during its travel through the earth. The surface air-blast
arrival time is designated by the vertical line Jabeled AB,
and the arrival time of the motion iy indicated, lu this case,
the early minor disturbances correspund to the precursor
{an auxiliary air-blast wave that precedes the main iucident
wave), and the peak acceleration is produced by the larger
peak of the main incident air-blast wave. The L ne of onset
of motion at the susfacc is the same ag the blast arrival time,
and the delay time with respect o AB at various depths is
the time required ior the pressure wave to lravel from the
surface. The accelerations following the peak pulse are as-
sociated with the pressure decay of the air blast, the elastic
rebound of the suil, and the arri-al of ground waves from
sources closer to ground tero. As showr in Figure A-l, a
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rapid attenuation of the peak surface acceleration and a de-
crease of frequency with depth occurred, both of which are
typical of free~field accelerations in both the vertical and
horizontal directions. The peak acceleration at the surface
{one-foot depth) was 188,3 g,, and the peak acceleration at the
50-foot denth was 12.8 g. {One g. is the acceleration of
gravity.)

For larger weapon yields, such as the 20-MT sarface
burst considered in this stndy, the general characteriatics of
the acceleration curve would be similar to the data plotted in
Figure A-l except tha* the sharp peak would be followed by
disturbaacan of longer duration due to the longer positive-
pbase duration of the air blast. The occurrence of varly dis-
turbances dependu on whether or not a precursor forms and
also on the relative velocity of the air-blast shock front and
the ground-wave propagation. U the ground-wave propagation
velocity (seismic velocity) is greater than the velocity of the
air-blast shock {roat, ground motions will arrive prior to the
_ alr blact. ' These motions are generated (air induced) at loca-
tions closer to ground zero than the ground range baing con-
sidered, .f the seismic velocity is less than the velocity of
- the air=blast shuck froat, the onset of the ground motions is
sssociated with the arrival of the air-blast wave, as is the
case for the tast records shown above.

The peak incident pressure and the shock-front velocity
of the air-blast wave decrease with distance from ground mero.
The seismic velocity is nearly the same value (for particular
geological conditions) regardiess of the magnitude of the
ground waves, Thus, as the air-blast wave travels away {'om
ground sero, a puint is ruached beyond which ground motiuus
will arrive prior to the air-blast wave. Such ground motions
mAay cause an initial upward motion; however, It is expected
that these early disturbances will be of minor magnitude com-
pared to the amplitudes associated with ‘e main air-blast
shock. For typical soll sites, the ground motions will arrive
prior to the air-blast wave at ground ranges where the peak
incident overpressures are less thas approximately 100 p.s. .
The delay time betwsen the onset of ground motion and the ar-
rival of the alr-blast wave will, naturally, increase as the dis-
lauce {rom ground serv lacreases.

As the peak incident overpressure decreases (i.e.,
2.}




increasing disiance from ground zero), the upward peak accel-
eration following the sharp downward peak tends to increase
with respect to the downward peak (Reference 2.2). As ex-
amples, for the overpressuras considered in this study, at

the 100-p, s.i. ground range the ratio of peak downward to up-
ward acceleration would be lower than at 300 p. s.i.; and at

25 p.s.i. the upward peak may be equal to the downwasd peak.

The accelerations occurring prior to, and following, the
sharp downward peak depend on the ground-wave contributions
at the particular site and on the precursor effects. These can
combine tv cause a random-type motion of variour {reyuencies.
The ground -wave contributions from points closer to ground
sero tend to extend the duration of the disturbanr s sirnce they
may arrive after the duration of the positive phase of the air
blast (Reference 2. 2).

A somewhat clearer understanding of this ground motion
over its sntire duration can be obtained from study of the free-
field ground velucity and displacement wave forms.

Velocity-time curves, obtained irom a aumerical inte-
gration of the acceleration-tiine curves, are plotted in Figure
Ae«2. The shapet 3f e velnzity curves arc similar to that of
the air-blast wave Sut fall off somewhat more rapidly than the
air<blast wave and become aero before the end of the positive
pbase of the air=blast. Ths rebound of the ground motion re-
suits iu & peak upward velocity which is expected to be much
smaller than the dowaward velacity (Refereace 2. 1), although
the rebound portion of the plotted curves is not complete. A3
may be expected, attemuation of the velocity with depth bel
the ground surface is considerably less than that of accelera-
tion since the duration of the accelsration pulse increases
wlt;n depth. The peak velocities vary from 13.9 w0 4. 66
e I0ec,

Displacementstime curves, obtained {rom a double in-
tegration of the acceleration records, are plotted in Figure
A=3. Itis seen that the wave forms exhibit a gradual time of
rise to the peak value which occurs approximately at the end
of the positive phase of the air blast; huwever, [or other site
conditivas the peak displacement salue may occur At an earlier
dme. Actually. a near-peak value oceura considerably belore
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the end of the positive phase irasmuch as mos? of the impulse
is expended in the early portion of tae dir-tlast wave tecause
of the rarid decay. These displacement curves obtained by
integration of the acceleration records arv not valid oeyond
the peak d:isplacement value. COther data of direct displace-
ment measurements, as presented in Reference 2.3 /Section
A-c.2¢) and Reference 2. 4 (Sea~tion A2, 24}, indicate that,
aftor the peak downward displacement, the displace . nure-
bounds because of elastic action and quickly damps ovr. icav-
ing a residuz]l permanent displacemant due to plastic acu.a,
As shown in Figure A-), tae attenuation of the poak displsve-
munt with depth is gradual. The pea’s displacements va:y
from 2 to 3.5 inchea.

It is W be nuted that the displacer ~ut and velacity
ground motions are charactorized by - predominant single
downward pulse followed by an upward puise of lesser ampli-
tude and then by a quick damping aut of the motion, [n the
case of the displacement, the rehound may recover only a
portiun of the poak downward moticn and not result in any net
upward value, The duration of the downward velccity pulse 18
in the order of the positive-phase duration of the air blast,
and tha duration of the corresponding downward displacement
pulse would be in the order cf twice the positive-phase dura-
tior. As previsusly indicated, the acceleration wave form s
characterized by a single, sharp, downwar. peak foliowed by
an upward peak and then by a high-frequency random =type
acceleration of lower amplitude. The sharp downward accel-
erition pulse resvits in the peak ground velocity, and the
subsequent accelerations correspond to the decay and r~bound
of the velocity pulse which, of course, signifies that the n.t
area under the acuelerationstime curve, folloewing the downe
ward pulse, is in the upward dire:tioa.

Generally. the horisontal (ree-field ground motions
have characleristics sinilar to those of »2rtical motions in
which case the in.tial peak molivn is outward from ground
gere ard is fotloaed by a rebound in the opposite direction.

The recosded frecsfield ground motions illustrate
generc! ground -shock phenomena associated with a nuclear
explosion. Actual ground shock mwtions for different size
conditions and other shock levels are untertaia. Howwver, e
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rarameters affecting variations with regard to peak intensity
can be discussed, It is generally expected that the peak ac-
celerations and the peak velocities increase proportionally to
the peak incident overpressure of the air-bjast wave and are *
essentially independent ¢f the weapon yield. The peak dis-
placement is proportional to the impulse of the air-blast wave
and is, therefore, dependent upon both the weapon yield and
the peak incident overpressure. Thus, for weapon yields in
the megaton range, ‘he peak displacement values, at a 229

p. s.i, ground range, would be higher than those recorded for
the 40-KT nuclear burst plotted in Figure A-3, assuming that
such a test were conducted at a site similar to the Nevada
Test Site. The strength and stiffncss of the ground also af-
fect the peak intensity of the ground shock motions. The
peak intensities of the motions are assumed to be proportional
to the seismic velocity of the ground as will be explained in
Section 2-3, The seismic velocities of the soll layers down to
650 feet below the ground surface at the Nevada Test Site are
lower than those usually encountered at many construction
sites.

It is important to note that the ground motions described
above are free-field motions inasmuch as there were no
structures or other large discontinuities of mass present in
the ground in the area of the test measurements. The motion
of a buried structure, compared to the {ree-field ground mo-
tions, would depend on the dimensions and maass of the struc-
ture. Generally, a small light structure would tend to move
with the surrounding soil in accordance with free~fieid mo-
tions, whereas the motions of a larger structure would not be
the same as the free-field motions.

Except for an extremely iong structure parallel to
the direction of the blast wave, the latter will completely en-
qulf the structuse and surrounding soil. The loading laating
sev sral seconds {for megaton weapon yid'4ds), would cause
the structure to experience a peak displacement of the same
order of magnitude as that of the peak frea-ficld displacement
since the soil beneath the structure raceives a total inipulse,
transmitted through the structure foundation, similar to that
in the case of the frec-field impulse loading. However, the o
peak acceleration of the structure (conaidered as a rigid ’
body) would be less than the peak ground acceleration
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in the free field because of the longer rise time of the loading
on the structure.

Theoretically, in order to determine the motions oi
an underground shelter, it is necessary to evaluate the inter-
action of the structure and surrounding soil during the trans-
ient ground shock motions. The phenomena associated with
these interaction effects are extremely complex and difficult
to analyze, and it is necessary that simplified conditione be
assumed to obtain even an approximate solution. For design
purposes, one such solution is obtained by means of ground-
shnck response gpectra in which case the shock effects of
estimated peak ground motions are represented in terms of
the peak dynamic response of the structure and its contents to
the shock environment. Shock spectra cuncepts and the pro-
cedure for calculation of shock spectra will be described in
the following sections.

2-2 Shock Spectra Concepts

When structural systems or equipmaent are subjected
to a base disturbance, as for example that arising from the
ground raotinn asuociuted with a nuclear blast, the responas
of the system is governed by the distrilution and magnitude ~f
the masses and the resistance slemsii-. A knowledge of the
rasponst of systeme sudbjacted tuv such loadings is extremsly
finportant from the standpoint of design in order to protect
the ctructure, aquipmant, aad psrsonnel from shock damags.
It is necessary to cousider tha trancmiassion of shock and vi-
bration to only the irterior structural componunts and se=-
tents of the utructure, sirce for exterior portivns ot the stiuc~
turc, it is generally sufficient to congider the predominant
sifect of the direct preasure only when analysing and designing
individua! extarior portions of the structure.

For purposus of assesaing ihe relative effects on com-
ronents of a structure, or the effects on items mounted within
the ctructure, one of the simplest interpretaticns of ground
motion data involves the concept of the response spectrum,
which is a plot of frequency versus maximum response of a
stnple linear oscillator subjected to a given input motioa,
Studies of shock spectra that have been determined (rom
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ground motion measurements, from both blast and earth-
quake sources, suggest that response spectra can be described
in a relatively simple manner in terms of the maximum val-
u2s of ground displacement, velocity, and acceleration,

As discussed in the previous section, the time history
of the actual ground motions caused by the passage of a shock
wave over the surface is very complex and subject to consid-
erable uncertainty for site conditions and shock levels dif-
ierent from those of the full-scale nuciear tests. However,
the principal effects on equipment and structural components
can be described quite readily by use of the concept of the
shock response spectirum.

An item of equipment or an internal element of a
structure suppurted at a point in an underground structure
subjected to ground shock motions can be represented as a
simple oscillator as shown in Figure 2-1. This oscillator
represents a single-degree-of-freedom system which signi-
fies that only one generalized coordinate, u, is necessary to
specily the relative motion of the mass m. The oscillator
shown is an undamped system,

The absolute motion of the mass m is designated y,
the ground motion or support motion by x, and the motion of
the mass relative to the support by u. The resistance (force
devaloped) of the supporting spring connecting the mass to the
ground is ¢ in which r = ku, wheze } is the spring con-
stant for the epring.

The natural circular frequency (radians per second’
of the osciilator is given by the equation:

(] k

and the natural frequency {(c.p.s.) by:

1 [k
“zl./;
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For a given transient ground motion x(t), the mass m
will be set into motion. Considering the ground acceleration
% (t), the governing differential equation of motion in terms
of the motion of the mass relative to the ground motion is:

u + mzu T - X

The solution of this equation (Reference 2. 5) is the
response of the oscillator to the ground motion. This re-
sponse is the displacement u relative to the ground motion or
support motion. The maximum value of u is called the dis-
placement response spectrum, denoted herein by tha symbol
D. The maximum value of the absolute acceleration of the
mass m is called the acceleration response spectrum, and
is denoted here by the symbol A. The maximum value of the
maess m relative to the support is approximately equal to a
quantity called the "'pseudo-velocity' response spectrum V.,
The maximum responses for the case of a small amount of
damping would be approximalely the same as those calculated
for the undamped oscillator.

The relations batwaen D, V, and A are!

D = Displacement Spectrum
Ve ug = Velocity Spsctrum
A = p*°D = Acceleration Spsctrum

For a given input motion the values of D, V, and A
are functions only of the frequency f of the oscillator {or sys-
tem) congidered. A single plot of the valuesof D, V, and A
can be drawn, as functions of frequency, by use of the tyw
of chart shown ia Figure 2-2, Spectrum: valuas derived fiun
test measuramants generally form a curve of the shape indi-
cated by the dashed line. As will be discussed in the follow-
ing section, dasign spectra curve. can be calculated on the
basis of peak ground motions. Such sp-~tra ars represented
by a straight-line plot as shown by the solid line in Figure
2-2, This straight-line plot constitutes an approximate
spectra “envelope’.

The spectra grid (s a log-log plot determined by mul-
tiplication of the displaceinent spectrum values by the cirs

cular frequency w and the circular irequency squared oz.
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thereby giving the velocity spectrum and the acceleration
spectrum, respectively.

It is shown in Figure 2-2 that the shape of the spec-
tra is such that the highest displacement response (7 inches)
occurs in the low frequency range and decreases as the fre-
quency increases, whereas the acceleration response in-
creases as the frequency increases. The highest accelera-
tion response is 125 g. The solid line is the calculated free-
field ground-shock spectra at the ground surface for a 20-MT
weapon yield at 100 p. s.i, peak overpressure level, For
example, an oscillator with a natural frequency equal to
S ¢.p. 3. would have the following peak response to the ground
motions: displacement D equal to 1.3 inches znd accelera-
tion A equal to 3.2 g, With roference tn Figure 2-1, this
means that the deflection u of the srzing is 1, 3 inches caus-
ing a force r equal to ku. The peak acceleration of the
ma3s is 3.2 g. This accelzration can also be determined
by dividing ku by m.

Free-lield ground shock sptctra have been measured
in the fi—id by recording the responss of reed gages (oscil-
lat~.s) of various frequencies, to the free-field ground mo-
tions. These reed gages are mounted in a container which is
buried in the ground. Spectra were aleo recorded within a
buried shel.sr by mounting reed gages to the {nterior of the
structure. Examples of test measurements recorded at the
Nevada Test are presented in Section A-3.2¢. The designer
{s usually confronted with the task of establishing free-field
ground -ghock spectra and design spectra for a proposed har-
dened s:ructure at a site and & protaction level for which
there are no directly applicable test data available. The
next section describes a current procedure used for sstim-
ating such spectra. This procedure for calculating shock
2pectra is used in this study.

2.} Procedure for Calculation of Shock Spectra

From studies of many earth-shock response spectra,
it has been found that the general characteristics and approx-
imate magnitudes of spoctra values can be plotted if the max-
imum values of ground displacement, ground velocity, and
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ground acceleration are known. Fortunately, it is not neces-
sary that the time history of the ground or support motion be

. known to estimate response spectra, within the accuracy of
other weapon effects data.

Equations for calculating the maximum values of air-
induced free-field ground displacements, velocities, and ac-
celerations as presented in Reference 2-6 (Section A-2.7a)
are summarized in Appendix C. According to these equations
(and as discussed in Section 2-1), peak ground motions are a
function of the weapon yi~ld, peak incident overpressure,
geological conditions, and depth balow the ground surface.
The geological conditions are represented by the seismic vel- v
ocity profile at the site.

When applying the equations, it is found that the peak
ground motions are approximately proportional to the seismic
velocity profile as follows, The peak displacement is depen-
dent on the seiemic profile down to the lower depths (thous-
ands of fest) and is also dependent on the near surface layer.
The elastic component of displacement consists of straine
down to jreat depths, whereas the plastic component occurs
primarily in the upper layer. Small variations in the depth of
the various seismic (grouad) layers do not affect the coniputed
peak displacement. The peak velocity and the peak acculera-
tivn are depandent on the seismic velocity in the vicinity of
the depth being considered and are, therefore, sensitive to
thickress of the seismic layers.

b

Free~field ground shock spectra at each depth depend
on the peak free-field ground motions at that depth, The inw-
frequency range of the specira depends on the peak ground
displacement, the high~frequency range on the peak displace-
ment, and th? {ntermediate frequency rangs on the peak ground
velocity. 1he spectra envelope (refer to solid line in Figure
2+2) is determined as described below \ieference 2.6):

1. A line paralle! to the lines of constant displace-
ment, drawn with meagaitude equa' to the maxi-
mum ground displacemant D.

2. A line of constant velocity drawn with a magnitude
of 1.5 times the maximum ground velocity V.
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3. A line paraliel to the lines of constant acceleration,
drawn with a magnitude equal to the maximum ac-
celeration,

It is gencrally felt that spectra measured within a
stiructure would have lower values at certain frequencies than
the free-field shock spectra. As discussed in Seclion 2-1, a
buried structure would tend to experience a peak displacement
of the same order uf magnitude as the peak iree-field displace-
ment, This mcans that the low-frequency portion of the struc-
ture spectra would be similar to that of the free-field spectra.
It is expected that the peak acceleration of the structure (as
a rigid body) would be less than the peak ground acceleration.
This corresponds to lower responses in the higher frequency
range of the structure spactra compared to that of the free-
field spectra. Depending on the flexibility of an actual struc-
ture, peak accelerations of the roof slab may be higher than
the rigid-body acceleratios of the structure if the roof is near
the ground surface. In addition, it may be possibie to trans~
mit high-frequency ground accelerations directly through the
structure roof or walls although these acceleraticus would also
be reduced because of the struciure fluxibility and structure

damping.

Although it is expected that the peak acceleration (and
thereby the acceleration bouwd of the spectra) for a buried
structure may be considerably less thau lhati of the frae-=ileld,
the extent of this reduction and its exact dependence on the
parameters involved (size of structure and geology, ete.) is
not known. The recommendations presented in Section A-), Id
will be followed. These recommendations are based on a x«. -
view of the scant test data available and on other information.
This study includes shallew-buried structures with an earth
cover in the ord:r of several feet. In addition, both short
{less than 30 feet) and tall structures are considered. QCeo-
logical conditions are based on a 30l site.

Fo¢ short, shallow-buried structures, the design shock
spectra for the structuras shall be the seme as the free-fieMd
specira at a depth approximately equal to the mid-height of
the structure.

For sstablishing design shock specira for tall, shallow-
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buried structures, itis advisable that the free-field spectra

at a depth above the mid-height of structure be used. This ac-
counts for the added induced motions of the structure due to

the larger frictional forces acting on the exierior surface of
the shell of a tail structure. In additivn, because of the

rapid attenuation of the peak free-ficld acceleration with
deoth, the application of the free«field spectra at the mid-~
“3ight of a tall structure would not properly account for the ac-
celeration of the structure, due to the impact of the biast
loading on the roof, Also, the displacement at the base of a
tall structure will be larger than the free fivld at the same
depth because of the direct transmission of the virtually un-
attenuated roof loads to the soil below the foundation compared
to a considerable attenuation in the {ree ficid as the blast
wave propagates down through the soil, For the case of a
short structure this effect would be small,

It is important to note that these recommendations are
based on a soil site, and judgment must be exsrcised in their
application with regard to the changes in soil layering ad~
jacent to the structure. For a structure located on a dinse or
rockelike material compared to the soil above, application ut
the free-field spectra at the mid-height or above may result
in peak displacements which are too high,
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CHAPTER 1

SHOCK TOLERANCES FOR PERSONNEL

3.1 Basic Concepts

The purpose of a ~ivil defense shelter is to provide per-
sonnel and emergency squipment with a level of protection
sgainst the weapon effects associated with a nuclear burst. For
blast shelters, this protection level is generally specified in
terms of a particular peak incident overpressure lavel {(equiv-
alent to a particular ground range) for a particular weapon yield
and height of burst. The structure is designed to carry the
blast pressure Joads without interior pressure buildup. It is
also designed to reduce the thermal radiation, nuclear radia-
tion, and ground shock motions to tolerable levels. The
blast-load structural design requirements will, in almost
every case, provide more than enough thermal radiation
shielding. At very low overpressures (5-10 p. s.i. and below)
additional shielding is gensrally required to obtain the necss-
sary fallout-radiation protection. This shielding is achieved
by increusing the roof sladb thickness or by providing additional
earth cover. For higher overpressures, initial nuclear-
radiation skielding requirements may control the roof thicknass
or depth of sarth cover.

Ground shock motions cannot be coinpletely prevented
from affecting the shelter interics in the manncr that the Liast
pressure loading is resisted by the sheiter and ambient pres-
sures are maintained. Shock effects can be aticnuated ~¢t not
eliminated. The structure provides only nominal protection
against the ground motions, depending upon the fexibility of
the structural members. For additional shock protection,
an ensrgy-absorbing system must be nrovided between the
structure shell and the personnel. Tie extent of this shock
isolation depends upun the personnel tolerance levels.

For persunnel housed in 1 hardened, underground
structure, the priacipal biological effects of ground shock ¢a-
compass pain or injuries that might occur as & consequence of
the motions of the shelter. Proper assesament of this hasard
requires knowledge in at least two areas; samely,

3l




(a) information coucerning the motions of the structure, and
(b) man's tolerance to the environment as a function of the
motions.

The structure motions, which are a function of the
free-field motions discusicd in Chapter 11, are transieat
(several seconds duration) in nature and are characterized by
{1} alow-frequency downward displacement which reaches a
maximum value generally near the end of the positive phase
of the air blast wave. then 1ebounds and damps out
quickly. and (2) a high-{frequency random acceleration which
reaches a peak value in the extreme early stages of the mo-
tion. In some cases, the initial motion may be upward but
of less magnitude than the following downward movements. In
addition, there is horiaontal motion of the structure of sim-
ilar character.

Although exact magnitudes of the structure motions are
not necessary for sstimating shock and vibration tolerances
for personnel houscd within the structure, the nature of the
motions and their duration are considered pertinent since tol-
erance has meaning only in terms of a particular type of en-
vironment or exposure.

Because the moticas in a ground shock environment are
transient in nature and could possibly result in imparting an
abrupt velocity change to the body. either in stopping or
starting, in addition to a shaking or vibrating of the body, it
is necessary that human tolerance to two types of shock ex-
posures be considered; namely. (1) impacts involving veloeity
shocks caasing body acceleration or deceleration, and (&
body vibrations.

In a structurs subject to ground shock. a person may
experiance variouy types of motions depending upon his loca-
tion and posture withir the structure ar.. upon the flexibility
of the supporting system. The lalter is a function of the de-
gree of isolation of the seat and/or iloor which supports the
subject. and of wlcther or not he 13 atiached o his seat by
straps or seal belts.

i the fioot 18 not shock isulated, ity motions are ap-
prosimately the same ay those of the siructure as in the case
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of a floor slab which is monolithic with' the structure shell.
Therefore, a subject not attached to the floor is vulnerable to
impacts resulting from collision with the floor due to the
structure < upping out from beneath him and/or the structure
rebounding upward beneath him. Impacts may also resultasa
consequence of the subject being thrown off calance because of
the horisontal motions of the structure resulting in his being
thrown Ludily against other persons, furniture, walls, or
uther bard surfaces.

If a subject is atiached to a structure, he will exper-
ience the actual motions of the structure. In some cases, the
resulting effect could be more severe than that for non-attached
personnel.

The floor system may be shock isolated by either being
mounted on springs or being suspended from the ceiling. In
this case, the motions of the floor differ from the structure
motion. Peak structure accelerations will be reduced and tha
floor response will be a vibration in accordance with the {re-
quency of the system. This vibration will, in general, be
somewhat longer in duration than the transient structure mo-
tions, depending upon the amount of damping in the spring
system. It is expected that most systems will stop vibrating
in less than 30 seconds. Although the floor motion is modi-
fied. separation {romn non-attached persvnnel may sti)l re-
sult depending on the degree of shock isolation. If the isola-
tion limits the peak acceleration response to l¢ss than one
g.+ separation will be preventsd. Personnel attached to a
shock-isolated flocor by means of saat beits or other strapping.
will experience the vibratocy response of the floor. A & ',ject
may also be isolaied by individual isolation of his support,
such as a spring-mounted chair or cot. In this case, he will
be subjected tn the vibratory respouse of the iadividual support.

The motions of & structu ve in a ,.ound-shock eaviron-
ment may bhave several possible elfects on personnel housed
within such a atructure. The motica may iaterfere directly
with physical activity and/or it may result in discomfort,
pain, trauma, or moriality. Other effects associated v:ith
long~duration vibrations, such as irritation and fatigue, are
oot likely due to the transient nhture of the motions.

3-)




3-2 Summeary of Results of Research

3-2.1 QGeneral

Pertinent information corcerning impact and vibration
effects on personnel was obtained from a review of literature
and at meetings with various organizations in this field. Data
compiled from pertinent publications are presented and dig-
cussed in detail in Section A-4 of Appendix A. Minutes of the
meetings are presented in Appendix B. This section summar-
izes the signiiicant results of this research.

To date, personnel tests conceived specifically for the
ground shock environment have not been perforrned. However,
based on tests and studies of human and animal response to
vibration and impact associated with other types of shock en-
vironn.ents, itis possible to prepare estimates of tolerances
for the ground shock environment. Naturally, a degree of
uncertainty will subsist with such estimates uatil appropriate
tests have been conducted.

Impact and vibration tests have been conducted to es-
tablish pereronnel tolerances fo: such shock environments as
aircraft ejection, high-speed air and space travel, shipboard
explosions, impact due to falls, and misceilaneous industrial
shock environments, etc. Even in these cases where test
results are available, only approximete tolerance lisnits have
been established since the exact physical mode of action of
any exposure varies with respect to individual physical,
physiological, and psychological reactions. Vary often. test
results can be evaluated only on a statistical basis.

3.2.2 Vibration Tolerances

Refereuce 3. 1 (Secticn A-4. 2a) reports on lusts per-
formed to detesmine whole-body respon :and tolerance to
sinusoidal vibrations in the frequency range from | to 70 .
c.p. 5. In these tests, subjects weru placed (non-attached)
in a standing, sitting, or prone pceition on a horisontally or
vertically vibrating platform. At various iclected frequencienr
and amplitudes subjective responssa ranging from the taresh-
old of perception to the throshold of pain were recorded. The
latter th ‘eshold was considered as a tolarancs limit aiul the ’

34




motions were discontinued beyond this Jevel. Exposure

limes ranged from 5 to 20 minutes. In analyzing the rcsults
of several suck investigations in terms of willingness of a
subject to tolerate various levels ol vibration exposure (Ref-
erence 3. }}, it was shown that the variability among different
studies is very great; the resuits were averaged and simpli-
fied as plotted in Curve a of Figure A-4 (Appendi: A, Page
A-26). In this figure, subjective reacticns indicating toler-
ance are plotted as a function of frequency and acceleration.

In considering this data relevant to the ground shock
problem, it should be noted that Curve & represants a sum-
mary of tolerances fo: relatively loug exposure times {(on tae
order of 5-20 minutes) probably reandering the values of tol-
erance necessarily ccnservative for the considerably shorter
exposure times resulting from ground shock. According o
Curve a, ihe lower level of toierance for these relatively
ling exposures is about 0,25 g. From Curve a itis also seen
that tha average tolerable limit is about 0.3 g. iz the low-
{requency range, then gradually increases aftar 30 ¢.p. 6.,
reaching one g. at ahout 80 c.p.s., ard sharply increasing
after 100 c.p. 8.

A source of information on shorter time vibration tol-
erance for supportad (attached) subjerts resulted {rem the
sxparimental work reported in Reference 1. & {Ssction
A=4.2b), [n thess tcste, each of 10 mala subjects was sup-
ported in a seat with a standard seat heit and shoulder harness
and was exposed to an increasing sinusoidal accelaration at
selected freguencies in the range from 1 to iS5 c.p.s. At
each frequency, the amplitude was increased to the poin.
whers the subject stopped the run because he thought that
further increase might cause bodily harm. This amplitude
was considezed as a tolerance limit. Exposurs tirnes ranged
from 18 to 208 seconds.

Tae average results of thess tests are presentad in
Curve b of Figure A -4 which shows the tolerance ior each
frequenyy.

1t 12 tu be noted (som the curve that the lower leve: ./
tolerance i between ) and 2 g. at ¥-4c.p.s. and 7-8 c.p. 8.,
and the higher levsl is 7-8 g. at 15 ¢c.p.s. These levols are
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considerably higher than the results of other tests reported
in Reference 3.3 (Seution A-4. 2c) for similar supvort condi-
tions but for somewhat longer exposures. Tolerance levels
obtained in the tests arc shown on Curve c of Figure A-4.
Relatively high acceleration sensitivity was indicated at 1,
4 to 10 and above 20 c.p.s. The lowestlevel was 0.25 g.
and occurred at one c.p.s. It then increased to 0.8 g. at
2-3 c.p.s., decreased to 0.65 g. at 4-8 c.p.s., and then
gradually increased to the maximurn tolerance of 1.4 g. at
17-20 c.p. 8. The tolerance then dropped to one g. in the
range of 24 to 27 c.p. s,

A comparison of Curves a, b, and ¢ of Figure A-4 in-
dicates that a higher acceleration at corresponding frequencizs
can be tolerated for shorter expnsure times, although varia-
tions in this data are no doubt partially duc to differences in
the testing procedure, typas of body support, posture, sub-
jective responses, definition of tolerances, etc. For even
shorter exposure times acsociated with the ground shock,
corresponding tolerances may very well increase beyond
Curve b in the same manner as Curve b incrvazad above
Curve a, although the extont of this extrapolation is not known
(Section B-8).

Observation of the roelative tulusiwnves for vuricus are-
quencies indicates that the body is evidently more sensitive
to vibration at particular {requencies, suggesting body-organ
and appendage resonance. From evaluation of Figures A-4 and
also based on mechanical impedance test measurements
(Reference 3.1), it appears that critical frequencies may
exist at all frequencies below 10 c. p. s, depending on the
direction of the vibration and the body posture. Above 10
c.p. 8., tolerance tends to inciease although some sensitivity
may occur at particular ranges. After 80 c.p.s. thereisa
sharp increase in tolerance.

Based on the available parsonnel vibration data as
summarized in this sectioa, the following tolersnces for re-
strained personnel (restrained refern to thoae persons strapped
to chairs or cots) were considered for uss in this study: 2 g.
for less than 10 c p.u.: 5g. for 10-20 e.p.6.; 7 g. for
20-40 c.p.s.; and 19 g. above 40 c.p. s, Thease values are
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considered to be safe for personnel subjected {o the vibra-
tions (of a shock-isolated floor or seat) resulting from ground -
shock structure motions (Section B-8). The 2 g. value was
adopted for use in this study. The higher g. values were not
used because the required restraining devices at these valu«s
would generally be too elaborate for civil defense purposes.
In addition, it appeared to be advisable not to use the higher
g values, considering the type of shelter inhabitants--e!derly
persons, children, etc.

Reference 3. 4 (Section A-4.2n) presents tentative sug -
gestions for vibration tolerances for personnel subjected to
ground-shock structure motions. These recommendations
were based on vibration tests similar to those described above.
Tolerance values are 1. 75 g. for seated, woll-restrained per-
sonnel; and 0.75 g, vertical and 0. 50 g. horizontal for stand-
.ng personuel. The latter valuas for standing personnel were
adopted for use in this study for non-restrained persons
(rtanding, seated, and reclined).

To better understand the application of these tolerances
as design criteria for personnel subjectec to the vibrations of
a shock-isolated floor or support, it would be well to ilius-
trate their use in conjunction with the specific shock environ-
ment designated for this study. The design tpectra calculated
for the design studies (Chapter VII) are plotted in Figures 7-8
and 7-9 of Chapter VII. Refarring to Figure 7-8 and consid-
ering the vertical acceleration tolerance valu=s of 0. 75 g.
(nun-restrained) and 2 g. (restrained), it is determined that
shock isolation to the frequencies listed in Table 3-1 would be
required. Displacements of the shock-isolated platforn.: rel-
ative to the structure are also liasted. From Figure 7-9, hor-
izontal values for 0.50 g. (non-restrained) and 2 g. (restrained)
are as listed in Table 3-2,

The required frequencies listed . Tables 3-1 and 3-2
would generally necessitate the uce of & {lexible connection for
the platform supporting the personnel. Such flexibility can be
achieved by the usc of springs (see Chapter V). A support sys-
rern with a frequency greatar than the above values would re-
spond at intolarable acceleration leveis. KRattle gpace equal
to the above displaceinents must be provided between the
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Table 3-1 Shock Isolation Requirements
Vertical Direction

0.75g. 2 g.
QOverprcasure| FrequencyDisplacement |Frequeacy Displacement
{psi) ~ {cps) {in) {cps) {in)
25 2.3 1.5 6.0 0.6
100 1.0 7.0 2.0 5.0
300 0.7 14.0 1.2 5.0

Table 3-2 Shock Isolaticn Requirements
Horizontal Direction

0.50 g. 2 g
Overpressure| Frequency Displacement{Frequency Displacement
(psi (cps) (in) (cps) (in)
28 2.2 1.6 8.5 2.3
100 1.5 2.3 3.0 ¢.0
300 1.0 5.0 2.0 £.0

isolated piatform and tha concrete shell. Overhead clearance
equal to at least the above vertical displacements must be in-
cluded to prevent impact of personnel with the concrete ceiling.

3.2.3 Impact Tolorance

Impact effects involve a sudden single-pulse typa ah. -«
or motion, such as caused by explosions and impacts and blows
frorn rapid changes in body velocity or from moving objects.
Possibla damage (Reference 3. 1) includes bone fracture, lung
damage, injury to the inner wall of the intestine, brain dam-
age, cardiac damage, ear damage, tearii, or crushing of soft
tissues, etc. Differences in injury patterns arise from dif. *
ferences in rates of loading, peak force, duration, localisa-
tion of forces, etc,

It is pointed out in Reference 3. 5 (Section A-4, id) that, .
should a parson be subjected to impact, it is likely that con-
siderable variation in the body area of impact will occur. In
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addition, there are many circumstances in which impact may
involve glancing contact with an object; also, a great varia-
tion in the shape, weight and consistency of the decelerating
object or surface may be involved. The character of the de-
celerating surface, the angle and area oi the body involved

at impact, the impact velocity, and the decelerating time and
distance are each critical factors. Any modification of the
time of deceleration and the distance over which it occurs

will markedly influence the magnitude of the load and the rate
at which it develops. Such factors are responsible for human
survival after experiencing impact velocities greater than that
expected for mortality. Frequently, in these casvs the sur-
face struck is soft ground and the impact area of the body is
large - the back, side, or ventral surface - thereby indicat-
ing that any cushioning of the impact, such as by uie of mats
on the sheiter floor, could considerably reduce the impact
effects on personnel,

In References 3.5, 3.6, 3.7 (Sections A-4.2:, 3, 1),
it is concluded that one can tentitively take 10 ft. /scc. as
“"an-on-the-average safs' impact velocity fur adult buraans
and regard the probabilities of sericus injury and uvun fatality
for man to increase prog:essively as the impact velocity is
elevated gbove this figure. This tolerable velocity is based
on impact with a flat, hard ~urface and for various body pos-
tuses. inciuding impact of the head, impact in the standing
position with knees locked, and impact in the seated position.
It was indicated that a higher impact velocity «ould be tol-
erated for cases where the impact arca of the body was larger,
such as the back, side. or ventral surface, or if the surface
collided with was no! hard, such as suft ground. Dnpac’ +:ith
a 30-degren gsharp corner would be much moi e severs than
with a flat surface. Only about one-seventh of the impact
energy to cause skull fracture due to impact with a flat sur-
face would be required for skull fracture due to impact with »
90-degree sharp corner. This would ¢ “respond to an im-
pact velocity of one-third of the vaiue for a flat surface. Ac-
cording to Reference 3.5, the impact velocity for the thresh-
old of mortality wuuld be about 21 ft. /sec.

Reference 3.8 (Section A-4.2g) states that, fora
standing person with locked knees, no fractures can be ex-
pected at relative (impact) velocities below 11 ft. /vec., and
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serious damage to the brain can be expected if relative vel-
ocity at contact is 16 ft. /sec. or more.

As reported in Reference 3.9 (Section A-4.2h), men
and dummies were exposed to deck motions on a ship when
large explosive chargea were detonated under water. These
motions were characterized by a short-duration upward ac-
celeration which can be squated to a sudden velocity change.
The duration of the accelerations was less than 10 msec.
This was followed by a deceleration phase lasting abeut 50
msec. In other words, the rise time to the peak velocity
was less than 10 msec. and the decay to sero velocity took
an additional 50 insec. The acceleration phase of this vel-
ocity pulse would be similar to the acceleration phase of the
sharp, downward ground-shock velocity pulse. However,
the decay of the ground-shock velocity pulse is ccnsiderably
longe-. in the order of a sncond or seconds. Since itap-
pesrs that the body is primarily sensitive to sudden changes
in velocity, this data would be pertinent. This type of shock
velocity would have an effact on the hody similar to that pro-
duced by a drop test. In both cases a near instantaneous vel-
ocity change is experienced due to the relative velocity be-
tween the body and a flat nurface. In the tests of Reference
3.9, a stifi-legged subject and a subjact seated 'n &t hard
wooden chair experienced 15 g. for 8 msec. (peak velocity
of 4.0 ft. /sec. ) after which the tests were discontinued. This
discontinuation docs not indicate that a tolerable limit was at-
tained since no physiological sffects were reported except for
some discomfort in the stiff-legged position. A subject with
beut knees sxperienced an acceieration of 30 g. for 8 musec.
(peak velocity of 8 ft. /sac. ) without discomfort. This {'#:re
duesd not necessarily rcpresent a tolerable limit, but it dous
indicate that, in the bent-knee position, humans are capable
of tolerating a higher impact velocity.

Reference 3. 10 {Section A-4.2i) rports on studies
of personnel injuries resuiting from the wartime explosion
of a minesweeper. Injuries were correlated with deck mo-
tions. It was found that, for persoanel without advance warn-
ing and in random body positions. injury due to an initial
acceleration of 50 g. for 6.5 msec. (peak velocity of 1).3
ft. /0ec. ) can occur. For personnel hurled through the air,
deck velocities of about 15 ft. /sec. resulted in collision-impact
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injuries. ‘Lhis latter value is probably higher because of
collision with a large impact surf=ce of the body.

References 3.11 (Section A-4.2j) and 3.12 (Section
A-4. 2k) describe other data relevant to impact on ships,
including the use of protective shoes. In a laboratory test of
cadavers, a velocity of 12 ft. /sec. reached in 1.3 msec.
caused some fractures to those without protective shoes and
no injury to those with protective shoes. In addition, it
was stated that protective shoes and mats will protect standing
personne! against direct impact effects for velocities up to
20 ft. /sec. It was concluded that forces effective in producing
impact injuries are of very short duration (1-2 mesec.) produc-
ing extremely high accelerations (200-800 g.) and peak vel-
ocities of about 12 ft. /sec.

From the data pertaining to impact due to falls or by
otheur mechaniams causing sudden velocity changes, it appsars
that the impact velocity can be taken as the significant injury
parameter. Although various combinations of acceleration
and duration (or deceleration and duration for collision) have
been imposed on personnsl, in general, no injuries were re-
ported until an impact velocity greater than about 11 ft. /sec.
occurred. The time durations (time for peak velocity change)
are all extremely short, i, e., generally in the range of
10 msec. or less. For longer time durations, consideration
of an impact tolerance in terms of the same peaak velocity
change may be too conservative. This is apparent by con-
sidering the usc of a mat or protective shoes which increase
the stopping time and thereby permit a higher tolerabls im-
pact velocity. Thus, for extremely short time duration: 3
tolerance may be considered in terms of an approxirnateiy
constant psak velocity change, and for relatively longer time
durations the tolerable velocity would {ncrease as the time
increases. ‘This phenomenon is due to the fact that, as the
stopping time becomes small, the acce..ration response of
the body reaches a peak (because of the body flex'bility) and
shorter times and higher accelerations ure no more severs
than the most critical impact care of the body colliding with
a rigid surface. For these short acceleration durations,
injury is related to the kinetic energy which must be ab-
sorbed by the budy.




This characteristic of impact effect on the body is in-
dicated in Reference 3. 13 {Section A-4 2m) which states that
subjects strapped to a seat experienced a trapezoidal accel-
eration pulse. For the trapezoidal puises of extremely short
durations (in the range of 10 msec. or less), the areas of the
pulses were of the same order of magnitude, indicating that
the telerance could be approximately related to a peak impact
velocity. However, for the longer duration pulses, the areas
of the pulses increased which corresponds to an increass of
the tolerable velocity.

Based on the available data summarized in this section,
an impact tolerance velocity of 10 ft, /sec. was adopted for use
in this study. This applies to impact with a hard, flat surface
in various body postures and to impact of the head. If the line
of thrust for head impact with a similar surisce is directed
along the longitudinal axis of the body, the 10 ft. /sec. value
would not apply since the head would receive the kinetic energy
of the entire mass of the body. An impact velocity of 10 ft. /sec.
is considered to be generally safe for personnel subjected to
impact resulting {rom structure motions (Sections B-4 and B-8).
It is important to note that greater impact velocities may be
tolerated if the body is in a flexible position or if the area of
impact is large,

The effect of horisontal motions on the throwing of per-
sonnel off balance or on hurling them laterally would depend
on the body stance and position, the acceleration intensity and
duration, and the rate of onset of acceleration (jolt). Investi-
gations of data conce. ning sudden stops in automobiles and in
passenger trains indicate that personnel could (depending . »
stance and joit) sustain accelerntions which are lass than v. 4 g.
without being thrown off balance. However, these accelera-
tions have durations of several secondn. Hence, the gruound
shock acceleration required to throw personael off halance
will probably be greater because of the s.ortened duration and
assuciated jolta of the acceleration. The tolerable horisontal
acceleration of 0. 50 g. (recommendod in Referencoe 3. 4) for
ground shock protection of standing personnel was adopted for
use in this study for non-restrained persons (standing, seatsd,
and reclined).

Application of the above impact data 24 design criteria

3-12




for personnel subjected to the non-shock-isolated structure
motions is not as simple as in the case of the vibration tol-
erances for personnel located on a shock-isolated piatform.
One cannot evaluate all the effects of the shock environment
directly from the design shock spectra. Furthermore, the
impact intensity resulting from a shock depends upon several
factors, namely, :he location of personnel in the shelter,
whether or not they are thrown cff balance, and the relative
motion of personnel {non-restrained} with respect to thne
shelter floor. It is possible, however, to consider these fac-
tors in connection with t'.e shock environment designated for
this study.

Table 7-5 lists the peak structure motions for the de-
sign studies presented in Chapter VII. These motions describe
the movement of the structure as a unit,

It is seen from Table 7-5, that the peak velocity atall
the overpressure levels is not greater than 10 ft. /sec. There-
fore, psrsonnel attached to the structure (restrained in a
seat or cot) could tolerate the structure motions.

Velocity of individual exterior walls may be higher
than the abovementioned velocities because of the structural
deflections resulting from tke blast loading on the walis. The
blast loading will also cause 2 transveriée vompression wave
to propagats through the wall. This compression wave could
be transmitted to the body if a subject is in contact with the
wall during the time of the blast loading. Because of these
factors and also because the personnel may have a velocity
due to having been thrown off balance, personnel shoulu ' &
prevented from entering into contact with exterior walls. An
slternate method would consist of providing protective cush-
joning material on the walls {see Chapter VI).

The relative motion of the personcel with respact to
the structure floor can be estimated by comparing the struc-
ture displacement versus time with the personnel free-fall
displacement due to gravity, An approximate (synthesized)
displacement-versus-time curve was computed in accordance
with the procedure given in Reference 3. 14 (Section A-7.2§).
This procedure is presented in Appendix D. Displacement-
versus-time curves were computed {rom sach of the design
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specisr emav=3 in Figures 7-8 and 7-9.  These displacement
surves ars equivalent to corresponding spectra; i.e., the
maximum reapoi ve, of a simple oscillator (Figure 2-1) sub-
jecind to & support motion wiich is equal to the computed
{isplacement versus time, would be the same as the response
cpectrum value at the fruquency of ihe oscillator.

Figures 3-1, 3.2, and 3-3 show a plot of computed
downward structure displacements and free-fall displacuments
for the 25-, 100-, and 300-p.s.i. overpressures, respective-
ly. It is seen that the peak relative displacements are equal
to 0.3 inclLes, 2.1 inches, and 8.4 inches for 25, 100, and
300 p.s.i., respectively. Overhead clearances equal to, or
greater than, thesc values should be provided to prevent im-
pact of personnel with the ceiling or with other overhead ob-
jects. Such impact could not be tolerated because the head
would absorb energy from the entire mass of the body. If
sufficient overhead clearance cannot be provided, protective
cushioning material should be provided.

The impact velocity at the impact point (Figures 3-1,
3-2, and 3-3) for aach precussure level was compotad, The
impact valocity is equal to the downward velocily of the per-
snnnel minus the downward velcrily of the structura at the
time of impact. These velociiies are listed in Table 3.3.

Table 3-3 Downward Impact Velocities

Persounel Free-Fall! Structure Vel. | Impact
Overpressure! Velocity at Impact !at lmpnct Vaou! v
25 p. s, i, 2.5 ft. ‘eec. 1.1 ft. /sec. i. % fr. /eec,
100 p. 3. 1. £ & £t /eec. 1,2 8. /ece, | 4.3 ft. /nec,
300 p. s i, 8.6 ft, /nec. 0.5 ft. /sec. | 6.1 ft. /sec.

For the cases considered above, the personael will
regain contact with the floor slab before the peak displace-
ment occurs. The associated impacc velocities in the verti-
csl direction are all lees than 10 ft. /eec., and are. there-
fore, tolerable. As the overprersure level increases, im-
pact occurs at a time closer to the time of the peak downward
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displacement of the structure. For overpressures above 300
p. 8.i. or for other gite conditions, the structure may be re-
bounding upwards at the time of impact. In such a case, :ihe
impzct velocity is equal tn the free-fall velccity plus the un-
ward velocity of the structure. However, as discussed ia
Chapter Ii, rebound velncities are considerably lower than
peak downward structure velocities. ’

Since the structure also accelerates horizontally, the
structure floor slab will have moved horizontally at the tune
of vertical impact. Computed horizontal displacements are
plotted in Figure 3-4 for ¢5, 100 and 300 g, 8.i, Fur the
300- and 100-p.s.i. overpressure levels, the peak structure
displacements of 5 inches and 2, 3 inches will have virtually
occurred at the time of impact. The horizontal structure
velocity at the time of impact will be close (0 zero. For
25 p.s.i., approximately one-half the peak hovizontzal dia-
placemnent would have occurred at the time of impact, at wnich
time the horizontal velocity of the straucture is about 0. 5
ft. /sec. These curves depict oniy an estimate of the time-

_history motion and it ia possible that horisontal velocatizs
may differ vt tho time of impact. [n addition, there may sccur
the more severe case in which the stiucture accelerates in
the horizontal direction prior to separation of the flgur from
peraor.nel in the vertical direction.

Based on the mnagnitude of the psak structure accelera-
tions in the horizonty! dizection (Table 7-5), non-resirzined
personne! would be thyewn sver resalting in an iiapacy
with the floor, othey pecuple, and other scdjacunt obje 28,

Such impacts may be at velncities yreater than 1 fe. /eec.
due only to falling to the Seor from 2 standing position, an
espucially ciitical case wou.u bu falling backwardn and sirik=
ing the back oI the head on tue floor. It is consider.i (Sec»
tion B-8), howcver, that in most casec such a fall would be
cushioned by striking the buck or arms. 'mpact with cornars
or edges would be extremely critical, sven at velocities less
than 10 ft. /sec.

It !s important to note that personnel would not fael
the full effact of the paak structare a. .clerations {(Table 7-5)
because of their short duration and because a force no greuter
than the friction force between the flour and the persou's
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shoes (standing perscunel) can be transmitted. In addition,

as mentioned above, the floor 2lso accelerates in the vertical ,
direction thereby further reducing the horizontal force which N
can be transmitted. At overprussure levels where the air- .
blast wave arrives prior to the ground motions (see Section

2-1), structurc motions start upun such arrival. For these :
cases, the effect of the sharp downward slap of the blast ‘
loading wiil begin to be felt before the onset of horizontal

motions. At 300 p.s.i , the floor slab mav drop from be-

neatl the pursonnel before a horizontal force, sufficieut to

throw persoas off balance, can bLe transmitted, At 100 p.e.i,,

this tendency would be somewhat rcduced, «nd at 25 p. s.1., ¥
ground motions would arrive prior to the air-blast wave.

These early-arriving ground motions could result in horizon-

tal and up-vard motions prior tuv the sharp downward motion.

Tnus, at the higher overpressures where peak horizontal ac-

celerations are much larger than &t lower overpressures, the

effect of these accelerations on transmitting a horizonta:

foice, and thereby throwing personne] off balance, may not

be any greater than that for the lower overpressures.

In any case, the unrestrained personnel would tend
to lcee the.r balance and fall over. It hzs been calculated
that impact velancities due to persvanel being thrown over
would probably not exceed 17 ft, /sec. This calculatior is
based on information obtained from studiea to provide pro-
tectioa in boxing rings, as presentsd in Reference 3,15
{Secticn A-7.2Zn). In most cases, thess falls would be cush-
ioned by striking large areas of the body or arms. To pro-
tect against injury in thuse cases where a person falls over
and strikos his hcad at an impact velocity greater than i€ ./
sec., protcctive cush.oning material should be pruvided. 1o
protect against in,ury due to heing thrown off balance and
striking a sharp cnrner or edge, protective cushicning should
be provided. evan for impact velocities less than 10 ft. /sec.

3-3 Recommeanded Design Criteria

3.3.1 CGeneral

Bascrd on the personnel sheck tolcrance data presented
ard discussad in the previous sections of this chapter,
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recommended design criteria for this study are presented be-
low. Criteria are presented for three protection levels, The
protection level chosen for a particular design depends upon
desired reliability of protection, functional requirements,

and cost limitations.

The first protection level affords the most reliable
protection of the three levels and requires a shock-isolated
interior platform to reduce the high accelerations of the
structure to values tolerable for personnel.

The second protection ievel requires the use of pro-
tective cushioning material on the floors, walls, and other
surfaces with which personnel may experience impact. At
tais protection level, the floor is part of the structure shell
and will move with the high accelerations of the structure.
The cushioning material provides protection from injuries
which may be caused by {1) impact at velocities above 10 ft. /
sec. resulting from falling over; (2) impact with corners,
edges, and overhead objects; and (3) compression waves trans-
mitted through exterior walls. In general, the protection re-
lisbility of the second protection level would be less than that
of the first. However, the additional! risk involved Jdepends
on the ege and the physical cundition of the personnel as well
as their location and posture within the shelter. Although gen-
eral protection against impact injury is provided, it is pcs-
sibie that injuries may result for persons of certain age
groups if they collide in an awkward position with the etruc-
ture o against each uther. Adults falling on young children
could cause injuries to the children. Elderly persons may be
injurecd if they fall over, even though protective cushiovninry
material is provided. [iis even possible thal one person s
head may strike ancther person's head.

The additional risk for the second protection lavel is
aleo a function of the design overpressu s level. Aas dis-
cussad in Section 3-2, the huriszontal forces trunsmitied to
personnel arc not nacessarily greater for the higher over-
preaaure ievels considered in this study. However, the ef.
fect of the vertical impact in combination with being *hrown
over due to horizontal forces would be somewhat greater for
the higher overpressures. Thus, since the protection relia-
biiity of the first protection !evel is the same for sach
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overpressure considered, the cdditional riek for the second
protection level incre-u¢s as :he design overpressure in-
creases. .

The third protection level requires the use of a lim-
ited amount of protective cuckioning material. As in the case
of the second protection levei, the ‘lour is part of the struc: .
ture shell. Cushioning material is prcvided to protect from S
injuries which may be caused by (!) impact with corners,
edges, and overhead objects; aand (<) compression vaves
transmitted through exterior walls. For the uverpressure
levels considered in this study, the only impact velocities ex-
ceeding 10 ft, /sec. are those due to a suhject falling o{f bal -
ance. For the third protection level, it is assumed that a per-
son who is thrown off balance will have his fali cushioned by
impact with large areas of the body or the arms. Therefore,

4 protective cushivning matcrial oa the floor and interior walls
would not be required. The probability of injury to some
people is greater than that for the second protection level.
However, as in tha case of the second protection level, the
additional risk invuived depends on the category and position
of personnel within the sheliter and on the design overpressure
level.

Ir aelecting a protection level for 2 particular design,
an additional factor is the adaptability of the required shock
isolation sche.ne to the function of the ghelter, e.g., emer-
gency operating centers, speciai-use shelters, and dual-
purpose shelters.

3.3, 2 Criteria

a. First Protection Leve! (requires shock-isolated
platforms) ©

1. Non-Restrained Parsonnel

The peak acceleration umplitudes of the par- ‘
sonna! platforms shall be shock isclated to lass than 0.7% g. ’
in the vertical direction and to less than 0.30 g. in the hor-
isontal direction. .

*  Shock-isuviated platiorms aie discussed in Chapter VI
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2. Personnel Restrained in Anchored Seats or Cots**

The peak acceleration amplitudes of the person-
nel platform shall be shock isolated to less than 2.0 g. in the
vertical and horizontal directions.

b. Second Protection Level (requires protective cushion-
ing materials in lieu of shock-isolated platforms) #& *

1. Non-Restrained Personnel

Protective cushioning material shall be provided
on such potential impact surfaces as walls, flocrs, low ceil-
ings, and cornors and edges thersof. Edges and corners of in-
terior furnishings shall be provided with protective cushioning.
Other surfaces of furnishings require individual evaluation to
determine required cushioning material.

2. Pcrsonnel Restiained in Anchored Seats or Cots **

Since the peak structure velocities are not greater
than 10 ft. /sec. (Table 7-5), protective cushioning need not be
provided.

c. Third Prolection Level (recuires limited protection
cushioning materials in lieu of shock-isolated plat-

(ormo! [k

1. Non-Restrained Peroonnel

Protective cushioning material shall be provi-ed
on the following potential impact surfaces: exterior walls and
low ceilings, and corners and edges thereof. Edges and corners
¢! interior walls and furnishings shall be provided with protec-
tive cushioning material.

2. Parsounne! Reotrained in Anchored Seats or Cots **

Same as the sncond protaction level, item b2,
above, i.e., protective cushioning need not be provided.

s Restraining devices are discussed in Chapter V1.
s8¢ Protective cushioning matarials are discussed in Chapter V1.

3-2)




Note:

Although the protective cushioning materials designated

in b and c above refer to cushioning of various interior sur-

faces

of the shelter, cushioning in the form of protective cloth-

ing could be utilized in lieu of the cushioning of surfaces.
Bracing mechanisms, which prevent persons from falling

over,

could also be used instead of protective cushioning ma-

terials. Protective clothing and bracing devices are discussed
in Chapter VI
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CHAPTER IV

SHOCK TOLERANCES FOR EQUIPMENT

4-1 Basic Concepts

In oxder to provide adequate shock protection of ine-
chan:cal and electrical equipment and other componeats housed
within hardened civil defense shelters, appropriate shock tol-
erances for these items must be established. To prevent
equipmant damage or malfunction, the peak accelerations re-
sulting from the ground shock environment must be attznuated
to tolerable values. Knowing the acceleration to'erances, the
necessary degree of shock isolation or the necessary addi~
tional sirength can be determined for a particular ground
shock environment. This environment is specified by design
sheck spectra (Figures 7-8 & 7-9).

The types of equipment itema depend to some extent on
the requirements for the particular shelter, i.e., the function
of the shelter (perconnel shelter, contral or comrnunications
ceaters, etc.), the raquired leve! of protection, the time in-
terval on which occupancy should be based, the populatinn
{family or community shelter, etc.), and other factors. The
nnarmal peacatime function. of dual-purpose structures will
also be a factor. The basictypes of equipment likely to be
housed would include heating, vevtilating, ir-conditioning,
water supply, sanitation, and siectric equisment, including
emergency Lower supply cquipment and commun!cations equip-
mens, Other interior components include {nwerior fu.r'ah-
ings, partitions, ductwurk, ste. A breakdown of the various
itoms is presented on page A-60 of Appendix A.

Damige to squipment may rasult in fallures which can
be divided into tw: classes: temporar, and permanent fail-
ures. Temporary frilures, often called 'malfunctions’, are
characterized by temporary disrurtion of normal operation
whben a shock or a vibration is applied. In some cases, sub-
sequent adjustments may be required for cestoration of sur-
vice. Permanent failures are characteriaed by breakage, re-
sulting in damage so severe that the ability of the equipment
to nerform its intended function is iinpaired permanentiv.
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The capacity of an equipment item to withstard shock
and vibration is conventionally expressed in terms of its ''fra-
gility level' which is defined as the magnitude of shock {accel-
eration) that the equipment can tolerate aad still remain oper-
ational. The fragiiity level for a particular equipment item
is dependent upon its physical characteristics: the sirength of
the item (frame, housing, and components), and to some ex-
tent the nature of the excitation to which it is subjected. For
example, an equipment iten: may sustain a single peak accel-
cration due to a transient ground shock disturbance but may
fail under a vibration-type input haviag the same peak accel«
eration amplitude. This effect arises from the fact that the
fragility level for a piece of equipment is actually a tolerable
peak acceleration of the equipment {rame under a particular
shock test (tolerable in the sense that the equipinent frame,
housing, and compcnents were not damaged or disrupted).
However, under a different shock input resuiting in the same
peak accelaration of the equipmeut us a whole, components of
the equipment may bave rasponded differently. For this rea-
son, fragility data sbould be considered in conjunciion with
such factors as the natural frequencies and dan:ping character-
istics of the equipment componunts as well as the characturis-
tics of the test input used to determine the tolerance. The
test input must be compared to the probable ground shock input.

Equipment itemis will generally be bolted o- otherwise
attached to their supports. Shock protection would be achieved
by mounting the equipmert on flexibie supports {springs).

Thus, the equipment will be subjected to a vibratory motion

{ground shock input). Provision of shock mounting to reducs
the paak acceleration amplitude to a toleratle value may in.

trorduce resonance problems because of the vibratory input.

4-2 S.mmary of Results of Rusearch

Pertinen; Jata conceraing shock effects on equipment
and othar interior componants were obtained from a review
of literature and at incetings with various crganisutions.
Data compiled from pertinent publications arv presanied and
discussed in detail in 3ection A-S of Appendix A, Minutes of
the meetings are pressated i Appendix B. This section sum-
marises the significant results of this resesrch.
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It is evident that, for the wide range of equipment which
may be used in shelters, the maximum shock tolerances will
vary considerably more than those for personnsl. Although
personnel shock tolerances may vary depending on the age and
physical cnndition of individual persons, it was possible to es-
tablish one set of values which would have general application
(Chapter IiI). To establish the rnaximum shock tolerauce for a
particular item of equipment, it is necessary to perform tests
or analyses. The shock tolerances for items of simila: funce-
tion may vary depending cvu the manufacturer and the exact
construction of the sguipment.

Only select items of 2quipment have been tested to de-
termine shock tolerances applicable for protecticr. from the
damags: which may be caused by ground-shock motions. How-
ever, data are available concerniag gceneral shock effects,
indicating strengtk an ruggednucs or sensitivity of equipment.
In many cases, safe acceleratinn values are known, although
it is recognised that maximum tolaranced may be considerably
higher even though the actual limit has not bsen verified by
testing or analysis. Thesa safe values wera established on the
basis of the shouk environment during shipmaent of the aquip-
ment in railroad cars and trucks and on the loads sustained
during normal operation of the equipment.

Based on transportation and conventional opurational
shock requirerasnts, most commercial mechanical and elec-
trical equipment items are known to be uble to sustain at
leant 3 g. See Sactions B-2 aud B-7, and Referonces 4.1
{Sectinn A-5, Eg) and 4. 2 (Section A3, 2i),

Fragile scuipment {sucL. as electronis sg.ipment) can
generally sustain 1.5 g. See Section B-2 and References 4.}
{Section A-%.2a), 4.4 (Section A-5.2b). and 4.9 (Section
A ’5. z,’n

Shock tolerances for commercial mechanical and
electrical aquipment ave in many cases Ligher than * g, =<
probably 5 g. and greater. However, tie use of such accel-
eration values would require verification by shock testing.
fg¢ Section B-T aud Referinces 4.2, 4. 4, and ¢. 5.

Exampies of expected tolerances for aquipment are
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given in Table 4-1. See References 4.1, 4.2, 4.5, and 4.6
(Section A-5. 2h;.

Table 4-1 Examples of Equipment Shock Tolerances

Item Peak Acceleration
Fluoxrescent Lighting Fixtures (with
lamps) (References 4.1, 4.2, & 4, 6) 20 to 30 g.

Heavy Machinery - Motors, Genera-
tors, Transformers, etc. (4000 1b.)
{Reference 4. 5) 10 to 30 3.

Medium-Weight Machinery - Pumps,
Condensers, Air Conditioners, ete,
(1000-4000 Ib. ) (Reforence 4. 7) 1S t0 45 g.

Light Machinery - Small Motors, ete.
{1000 1b.) (Reference 4.7) 30to 7 g.

As praviously mantioned, peak tolerabls accelerations
for a vibratory input depend on the frequency of the input
motion. If the input frequency is close to the frequencies of
the equipment components, amplifications due to resonance
will occur effacting a lower, tolerable input-acceloration am-
plitude. It is recommended {Reference 4. 3) that aquipment
frequencies betweer 1/2 and 2 times those of the support for
the equipment be avoided, or that provisioa be made for them
by considering & resonance phenomenon with a surtained hre-
monic input. The elfect of esonance can be minimised or
eliminated by providiag sufficient damping in the shock isola-
tion system. However, when dasignirg shock isolation sys-
teins for equ.pmint, low={requency systems (compared o
o4 .ipment frequencies) will be achisved ir w5t cases, and
resonance should wot be a problem (Sectiva B-i). Based on
the relatively high frequancies of rhe components of mos’
equipment items, shock isolation at trequencies below 10
c.p.s. would probably be low enough to pravent amplifications
due 10 res:-unce wilh equipment frequencies.

ia general, maximum shock tolerances for standard
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commercial equipment will 7ot be known. Thus, safe toler-
able accclerations of 3 g. for mechanizal and electrical equip-
ment (most :quipment in a civii defensc shelter will be in these
categories) and 1.5 g. for eliectronic equipment would have to be
used for design values, uniess shock tasting is to be conducted.
A discussion of shock testing facilities and current techniques
used for shock testing is presented in Section A-6 of Appendix A.

For the shock environment designated for this etudy
(design spectra plotted in Figures 7-8 and 7-9 of Chapter Vi),
the shock-iyc ation frequencies and the relative diaphccmmn
requi.ed to limit the accelerations to 3 g. are listed in
Table 4-2

Table 4-2 Shock Ieilation Requirements

Vertical Direction Horisontal Direction
Ovorpressure Frequency Displacement Frequency Displacement
]g‘q {cps) {ir) {cps) ji_ng
S 9.0 0.4 13.0 0.
100 %0 32 4.4 1.8
300 1.4 14.0 2.4 S.0

Except for the Locisontal direction at 25 p.s. 1., the
isolation fraquencies are less than 10 c.p.s. To reduce the
1. 3-<c. p o, value, a lower acceleration snd a higher relative
displacement would have to be used in the design. Toe fre-
quencies listed in Table 4-2 {particularly tor 100 & 300 p.o.i.) v
aecessitate the use of flexible connectivas for equipment +:d.
ports. Such eaidility can be achieved by the use of aprings
{See Chapter 7). Tu isolate fragile clectroniv equipmaent to
1.5 3., lower frecuwncy systems han those listed in Table
4+2 would by required.

In the case where maxirnm shotk tolerances are known
from lests and particularly when the equipment (s rugged, it
may oot be arcessary o provide a icuibdle (sprirg) shock
avuating. For example, referring to the desigr. specira
(Figures 78 and 7-9), if the acceleratio=. tolerance i+ greatar
than 18 g. . no shock isolaticn wruld be required at Lie 25.

p. 8. 1. overpressure level. In this case, the equipment could
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be anchered rigidly to the floor zlab, providing theie is no
problem due to resonance with the frequencies of the flour,
and alsc provided that the required strength can be aitained in
the connection to develop the high acc:leration forces.

For other interior components, such as partitions,
furniture, cabinets, hardware, ductwork, piping, etc., itls
not practical to designate general acceleration tolerances.
Each item would require individual analysis to determine the
strength of the item compared to the impored dynamic forces.
If the items are rigidly connected to the structure floor, wall,
or ceiliug, they must have sufficient strength to sustain the
high accelerations of the structure. These accelerations would
be somewhat reduced if the item itself is flexible. If neces-
sary, shock mounting similar to that provided for equioment
can be utilized.

Unattached furriture may be subjected to less severe
loadings than those imposed on attached furniture since the
high initial accelerationa of the structure will not be felt.
However, ths stability of the furniture would have to be eval-
uated in addition to the possible hazard io nearby personnel.
The curves in Figures 3-1 to 3-{ can be used to estiraate the
relative motion of the furniture with respect to the structure.

4-3 Recommended Design Criteria

4-3.1 General

Based on the sbock tolerance data sumni: “ized s, “iw-
cussed in the previcus sections of this chapter, recommended
design criteris are presented below. Criteria for equipment
n.se prosented for two categories: (1) non-~shock-testud equip-
ment and (2) shock-tested equipment. Criteria for mincel-
laneous interior components ara alae given,

In addition to satisfying the saccelaration and fiequency
limitations for equipment, other desiyn factors must be con-
sidered: (1) sufficient rattle space, as determined from the
design spectra, must be provided to accom.nodate relative
displacements resulting from the flexibility introduced by the
shock mounting; {2) cables and wires counectad {rom the
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structure to the shock-mounted equipment must be flexible E -
enough to accommodate the relative displacementa; (3) the

effect of rocking or tilting on the performance of the equip-

ment must be considered; and {4) mounting connections must

be provided with sufficient strength to transfer the forces due

to the peak accelerations.

4-3.2 Criteria

a. Equipment Category One: Non-Shock Tested Equip-
ment

The peak acceleration amplitudes in the vertical
and horizontal directions and the peak frequency oi the iso-
lated system shall not be greater than th~ following:

Mechanical and Electrical Equipment 3 g., it c.p. 8.
LClectronic Equipment 1.5 g, 10 c.pr, »

b. Equipment Category Two: Shock-Tested Equipment

For thie casa the tnlwrable accelerations as a funce.
tion of the frequency of isolation will be used,

¢. Miscellaneous Intorior Coraponents

For miscellanecus interior components, such as
partitions, furniture, hardware, ductwork, piping, etc.,
eack item must be svalusted ard sufficient strength, anchor«
age, and flexibility provided.
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CHAPTER V

SHOCK ISOLATED PLATFORMS

5-1 Introduction

The design of shelters for personnel protection level
one (Section 3-3) and/or for equipment {Section 4-3) will re-
quire the use of flexible support systems to attenuate to tolei-
able lavels the high accelerations associated with the structure
moticns. Effective methods of accomplishing this are: (1) a
combination platform and spring support system and (2) indiv-
idual spring mounts. The former is usually 2mployed when a
number of pieces of equipment require shock isolation and/or
when personnel are to be protected while the latter is used for
the shoc:: isolation of individual pieces of equiprnent. This
discussion will deal primarily with the forimer.

In most cases, shock-igsolated platforms will have to
be lowsfrequency systemas in the urder of 2 or 3 ¢. p. 5. or
less {or personnel protection {Tables 3-1 and 1-2) and slightly
higher (Table 4-2) for protection uof equipment. Frequenciea
of these magnitudes usually require flexible systems for both
the horizontal and the vertical motions of the structure. Two
methods (Reference 5.1 to 5.8, Sections A-7.2¢ to A-7.2j)
are generally being used at this thine o produce the required
flexibility; i.e., (1) pendulum arrangements whereby the
platforms are suspended from spring supports which ir turn
are attached to the roof, ur near the roofl, of the shell of the
structure, and (2) vase-mounted, shuck-isvlaled platforin,
platform vesting on spitiag supporte which in hun are muanted
on the base slab of the shell. The sclection of the appropriate
system for uge in a specific design is dependent upon the de-
sign criteria 'population, site cond'tion. pressure leve., and
functional requiremen’) in addition to b g interreiated with
the requized shapu sud dimensions of shell {aisr dependent de-
sign critaria), the reliability, and the cosia. Thase faclors
will be discussed tn mure detiil iv sabsequont secticag




5.2 Springs and Spring Assembly

5-2.1 General

A spring assembly consists of the spring and its assoc-
iated equipment. The iype of equipment will depend upon the
spring type and the method used to support the platform (pendu-
ium or base mounted).

Several diflerent types o springs are available which
lend themselves to use in shock-igolated systems. They con-
sist of (1) air springs, (2) liquid springs, (3) conical volute
springs, (4) helical coil springs, and (5) beam springs. The
use of any of these springs in a particular system will be gov-
erned by the magnitude and direction of the accelerations and
displacements associated wilh the motions of the structure. the
platform size (total load: dead load plus dynamic load), the
method of supporting the platform, and the reliabiiity.

The use of the air or iiquid springs is generally assoc-
iated with relatively larpe loads and displacernents (in the or-
der of two feet or more) (Sections A-7. 1 and B. 3). For the
ioads and displacements associated with the shock environ-
ment {or the pressure lovels considered in this report, the use
of theeso springs will probatly be unecoromical. The air and
liquid springs (except in a closed system) require air or liquid
pumps to maintain the pressures necessary to cushion the in-
put loads. The reilability of these springs in sholters is prob-
ably somewhat less than that of the other types mentioned
above hecause of the ever present possibility ..{ the accurrs.ice
nf progsure leakage 'vithin the spiing systen.  This possibility
ol learsge vsuatly will require continuous inapeetion which
would probably be undesirable for civil Jdefense shelters.

Beam and voluta springs will be useful when small structure
motions are encountered. That is, beam springs will usually
suifice fur displacements of one or two inct v while volute
springa can be used for displacements in the order of four to
six inches. Mowever, in most cases the use of helical springs
for structure displacements less than apnproximately twenty-
four inchee wil® produce the most efficient suspension system
ingofar as strength and economy are concerned. Helical
springs. at the present time, are aviilable in wire sizesup to
3:1/2 inches in diameter and free-heights up to five or six feet.
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5-2,2 Helical Coil Springs and Assembly

A helical coil spring is available in one of two possible
types, i.e., compression and extension (tension) springs.
The compression spring consists of a continuous, open-wound
helical coil finished at the ends so as to provide resistance
to compression forces. The extension spring differs from
the compression spring (insofar as general appeararce is con-
cerned) only in that it has a close-coiled helical shape with
ends 50 formed as to permit its use in applications requiring
resistance to pulling forces.

a. Load Application to Spring

A loac can be applied to a compression helical
apring in one of two ways, i.e., in the first method, the load
is traneferred through a series of bearing plates and stecl rods
with the spring acting as an intermediary /Figure 5-1), while
the tecond method consists of applying the load directly to the
top of the spring which in turn will transfer the load to the
support below (Figure 5-2.b). The first method is typical of
the pendulum-supported, shock-isclated platform while the
second method s utilized in a base-mounted isolation system.

b. Pendulum Assembiy

In the case of the pendulum, the structure mntinng
are Applied {irst to the steel rod which is connecied to the
concrute shell {(Figure 5-1) and supports the spring by means
of a flange plate at the bottom of the rod. As the rod and the
plate move down {structure motion), the load within the enring
is relievod, thereby iclieving the pressure on the lop fiinge
plate which supporis the spring cage which in turn supports
the platform aitached below. By relieving the compression
in the spring, the platform will fall due to gravity unatil
such time as it will begin to overtake ..2 bottom flange
plate. AL this instanl, the spring will again begin to recom-
press. The spring then vibrates about its “at rest’ position
{deflected pusition of the spriag vaused Ly the static luad ol
the platform) until damping brings the system to rest.

In seneral, this system should be designed fur a dy-
namic load response nut to exceed one g.  Loads greater than
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Universal connecticns at the top and bottom of the
pendulum are not shown.

UPPER TIE ROD lia CONNECTION TO
CONCRETE SHELL

TOP FLANGE PLATE

BOTTOM FLANGE PLATE

LOWER TIE ROD

CONNECTION TO
SUSPENDED PLATFORM

Fig. 5-1 PENDULUM SUSPENSION SPRING SYSTEM
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Note: Source Reference 5. ¢

SENTER OF GRAVITY MOUNT PREVENTS
ROCKING UNDER SHOCK

sHoek HORIZONTAL SIOCK Mi%

{o) {c)

1. sed HLICAL COUPRESSION SPRING v+
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one g. will extend the spring beyond its free height which is
undesirable ard may canse buckling of the tie rod {Figure 5. 1).
Furthermore, a dynamic load larger than one g. will produce
an unstable suspension system due to the existence of the balil-
type (universal) connertions at the top and bottorn of the spring
assembly. The physical arrangement of the assembly is
adaptable to the pendulum system because of the latitude

wrich exists in the selection of the length of the tie rods; in
addition, the pendulum connection to the platform usually can
be made near the center of gravity of the platiorm load.

The pendulum spring assembly is quite adaptable to
shock-isolatad platforivis for personnel. Here, the systen.
can be designed economically for the low dynamic response
required {or personnel protection (Section 3-4), particularly
the dynamic response due to the horizontal motions of the
shelter. Pendulum lengths in the order of approximately 10
{eet or greater will usually reduce the horizontal accelera-
tions of the structure to as iow as 0,2 g. or less which is far
below the design criteria of Section 3-4, For the purpose o.
analysis, the vertical and horizontal motions can generally
be uncoupiad (Reference 5.1, Section A7, 2c) except fora very
short pendulum length in which case a uon-linear coupling
between the vertical and horizontal motions will occur. This
non-linear coupling results in an unstable system when thy
vertical frequency is twice the horiaontal frequency. How-
ever, this uffect becomes small when the ratio is greater
than 2.5 (Reference 5.1 and 5. 4; Sections A-7,2¢c and
A7, 2f) for the motions considered. The short pendulum sys-
tern usually can be made stablc with the use of horizontal
springs (Figure d=ic¢) or dampers.

¢. Base-Mounted Assembly

The base-nounted spring assembly is a simple system
in cumparison to that of the pendulum. He'e, flanges are
sttached rigidly to the top and botiom of the spring. The top
fNlange i3 connected to the platform while the bottom flange is
attached w the foundation slad. Thess connections must be
of a rigid type to produce & stabie systam; therefore, the
springs of the base-mounted system will essentially fuaction
as » cantilever under the actinu of the horizontal motions of
the structure.
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The basc-mounted spring system is similar to a short
pendulura system insofar as the occurrence of non-linear
coupling of the vertical and horizontal motions will exist.

In addition, the bau.e-mounted system will be subjected to
rocking motions due to the eccentricity of the platform load
in relation tc the center of gravity of the springs. The prim-
ary etfect of this rocking is the increase of the vertical de-
flection of the springs above that resulting {from the pure ver-
tical motion of the system.

Quite often the base-mounted shock isolation platform
will require a ''soft” system to attenuate the vertical accel-
erations of the structure to a safe level (as in the case of
persornel protection). This flexibility quite often will result
in an unstable system under th2 action of the horizontal ino-
tions of the shelter. Stability usually can be obtained with
the use of horizontal springs. Beam springs have been found
to be useful for this purpose.

5«3 Platfurma

The platforms used in protective sheiters usually con-
sist of structural stecl framing with deck plates, steel grat-
ings, or some other commonly used flonring material. The
irterior stev! structure may consist of one, twe, or many
stories depending upon the popuiation, the amount of equip-
ment, and the shape of the shell. In most cases, the use of
one~ or two-story plaiforms will produce the most econamis
cal arrangament.

Cendrally, the use of pendulum=type supports wiin
suspension systems having tw.: &r more stories is more prace-
tichi than base-mounted systems bocause the attachments of
the pendulums t tha platforms can be made near the centruid
of the steel - .ctur2. I base mounts are used, the large
rocking eifev.s resulting from the eccantricity of the plat-
form load will substantially increase the required spring cap-
acity and will probably some.what increuse the overall dim-
ensions of the structure (suspension system and shell),
Therefore, il porsihle, the use of base~raounted shock-izo-
lated platfivema sheuld be resizicted o single-story levels
where large cccontricities will act occer. The use of base-
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mounted springs and platforms is an effective method of shock

isolating the individual pieces of equipment. Here, the eauip-

ment can be mountec near the centroid of the spring supports

in a manner similar to that shown in Figure 5-2¢. ’

In those structures where both personnel and equipment
are shuck isclated for protection, the use of a single unit will
usually be preferable to utilizing separatr platforms. Here,
the use of the lower ghnack tolerances for the personnal will be
required, therebv giving the sysiem as a whole a greater re-
liability.

In most cas<s when equipment, partitinns and otner
such items are rupported on platforms, they shouid be attached
to prevent any relative motion with rospect to the platiorm.
Furniture, on the other hand, probabiy rneed not be attached
directly to the platform but should be arranged such that any
movement is minimized by friction.

5-4 Advantages and Disadvantages of Sumn
Methods Used for Shock Isolation Platforms

Each of the s3upport cystoms (pendulvin and bass
mounted) mentioned previously wiil presunt certain advantages
and disadvaniages which may or may not have a bearing upon
tre final selection of the type of shock-isolated platform to be
utilized in a particular design. The relativa importance of
these advantages and disadvantages *vill be dependent upon vari-
sug pararmeters (presgsure level, site condition, peoulation.
structure configurations, etc.) which affect the dusign as a
whole, . €., in thelters with a large population, the platfor...
span wouid have a significant bearing upon the selection of the
suoport system while in small sheiters ather factors would te
more important  Therefore. the weighing of the relative im-
portance of cach of the advantages and disa -antages in a par-
ticular situation must be made by the designer ‘

The lollowing discussion ol the two supports systems iv
not for the purpose of comparison but cualy o point vut the
metriis of each system.




5-4.1 Pendulum System

a. Advantages

}.  Pendulums having lengths approximately 0
feet or greater wili no* usually require horizontal stabiliving
systems (horizontal springs or dampers).

2. Horizonta] accelerations associated with pen-
dulums having lengths approximately 10 feet or yreater will
usually be less than the horizontal acceleration tolerances
specified for persornel prntection (Section 3 -5),

1. Pendvlum systems can be utilized to produce
flexiblie supparts required to attenuate the high ccceleration as-
sociated with the vertizal motion of the structure. in order te
provide protection for personnel.

4 The use of pendulum systems will facilitate the
use of both single and multistory platfurmas in suspension
systems.

9. For short platform spens, a0 intermadiate
sapports are required with pendulum systems.

6. Pendulum-=type supports are readily adapiable
in those structurces where curved ioundation slabs (horizontal
cylinders or dome type feundation) are present.

b Disadvanuges

). For shor: pendulum lengths, non-linear .ap-
ling of thu vettical and horizontal motions may produce ua-
stabiv shock-isolation systems.

2. Short penduium lengths squire thn use of hor..
taontal springs or dampers to prevent the occurvence of un.
stable shock-isolation systems.

3. Vertical sccelersticns greater than one 3. may
produce backliag of pendulum struts ard/or uastable shock-
isniation system.




4. In pendulum systems, the supports will ex-
teud abuve the platforms.

5. Large platform spans wil' require either in-
termediate supports, which extend above the platform, or
very heavy {ramiung when pendulums are used.

6. Pendulums are required to be suspcrded from
the roof or the walls of the :tructure shell.

7. Recause the roof supvort for a penduium-type
shock-isolaticn, system must first he in place, the ascembling
and the mounting of the platform may be required after the
completion of the structure shell.

8. The volume of the she!l must be increased to

provide suflficient 1attle space for tha movement of the platform.

$«4 2 Base-Mounted System

a. Advantages

I.  In most cases, the Lase-mounted suppori sys-
tems can be used to attenuate the high accelerations asioc-
fated with the structure motions to a tolerable level for per-
sonnel and equipment protection.

2. Rass-mounied systems can be used in shoechk
isolation systems with dynamic loads greater than one g.
{restrained personnel or equipment protection).

3.  The use of base-mounted spring systerur wi.!
usually facilitate the shocr isolation of individual piecas of

equipment.

4. he use of the base-mounted system will {a.
cilitate the use ol single-story platforms.

5.  Spring supporis for bass -mounted shock«isc-
lation systems will nol extend sbove the level of the platiorm.

6. For shert platiorn spans, no iatermediate
supporls are required.
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7. Short continuous platfcrm spans will not re-
cuire intermediaie supports which extend above the surface of
the platicrm.

8. Light framing may be used with continuous-span
plaiforms becavse intermediate spring supports are readily
adaptable to the base-mounted sysiem.

9. Basc-mounted support systema are appropriate
for v.3e in rhe'ters which have monolithic foundatinns.

10. Platform supports need not be attached to the
roof or walls of tho shelrer.

Il. The shell need not be completed bafore the as-
sembly and the mounting of the platform is performed.

b. Disadvanwges

L. Rocking motior.s associated with base~mountad
suppo:t systems will require additional length and atreugth of
the springs.

2. Flexible spring suppo:-ts for the vertical mu-
tior of ths structure may result iv an unstable system for the
horisontai motioa of the structure.

3. Horizenial springs vr dampers may be required
1% some cases o prevent the ocsurrence of an uastable system.

4.  Base-mounted suppori systems are to be
avoided whyi: Noating foor slabs exist within & shalter.

S. The volume of the shell must be increascd o
provide sulficient rattie space for inovan W of the platform.

In addition, headroom within the sheltd. m it be made avail-
able sn as to provide space for the springs below the platform.

$.5 Compuarison of Support Methods Used for Shock
isolation of F!.Ef rm

A direct comparison of the two support systeras is only
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significant wnen it is related to a specific design condition
where the actual weighing of the individual qualities or disad-
vantages of a system can be expressed quantitatively. For the
purpose of this report, a qualitative comparison of the prop-
erties of the two systems has been made. This comparison is
presented in Table 5-1 in a ''check list" type of presentation:
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Table 5-1

Qualitative Comparison of Support System

Comparable
Items

Platform Support System

Pendulum

Base Mounted

Attenuation af vert.
accelerations

Attenuation of horiz.
accelerations

Rocking

Type of platform
Platform supports
Short single-plat-
form spans

large single-plat-
form spans

Short continuous -
platform spane

Large continuous-
platform spans

Attarhment points

Foundatinn=slad
shape

Foundation-alab type

Use ol hovin. springs
or dampers

Volume of shell

one g. or less

usvally 0.2 g. or
less

usually negligible
single & multistory

extend above
platform
desirable

less desirable

lesa dastirable

less desirable

roof or walls

curved or straigr*

floating & monolithic

seldom

increased
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as required

slightly higher
more pronounced

single story

below platform

desirable

less dosirable

desiradle

lens desirable

base slab

straight

monolithic

more often

further increased
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CHAPTER VI

FROTECTIVE CUSHIONING MATERIALS,
PROTECTIVE CLOTHING, AND
RESTRAINING AND BRACING DEVICES

6-1 Introduction

The personnel protective measures discussed in this
chapter include the use of (1) protective cushioning materials
(energy-absorbing padding placed on interior surfaces of the
shelter); (2) protective clothing (helmets, padding, torso gir-
dles, and protective rhoes); (3) restraining devices (lap belts,
shoulder belis, ankle and wrist restrainers, and secured seats);
and (4) bracing devices (handholds and protective railings).
These devices can ail provide a degree of protection against
injuries caused by impact loads. The method chosen would be
based on the degree of protection desired the functional! re-
quirements, and the cost. It may be desirable to use several
of these methods in a particular shelter.

Protective cushioning materials offer the advantage of
providing protection without relying on the personnel in the
shelter to perform any precautionary task. Effective use of
protective clothing requires an element of control in assuring
that the clothing will fit and will be worn during the emergency
since protective clothing may be cumbersome and uncowmfort-
able if prolonged use is required. An important advantage in
using pyotective clothing is that the dual-purpose function of
the shelter area during non-emergency periods would not b>
affected. With advanced planning and proper supervision ui
the personnel, restraining devices can provide protection
against injuries resulting from impact. Bracing devices can
be used to pruvide supplementary protecticn in conjunction
with one or more of the other methods.

6-2 Protective Cushioning Materials

6-2.1 General

Protective cushioning materials can be used as energy-
absorbing padding to protect persvunel from injuries caused by

6-1




impact. As specified in Section 3-3, cushioning materials
are to be provided on such potential impact surfaces as floors,
walls, low ceilings, and interior furnishings, including flat
surfaces as well as corners and edges.

Cushioning is required on flat impact surfaces whure
impact may occur at velocities jreater than 10 ft. /sec. re-
sulting from falling over in which case it has been calculdted
that impact velocities would probably not exceed 17 ft. /3ec.
(Section 3-2). Protection against injuries to the head are of
particular concern. Cushioning is also required to protect
against injuries resulting from falling over and striking a cor-
ner or edge. On exterior walls, protection must be provided
against injuries which may be caused by compression waves
transmitted by the blast loading.

Cushioning materials must possess high-energy-absorb-
ing properties. Other desirable properties include:

1. [Ease of application to any surface.

2. Ease of cuiting and shaping.

3. Low flammability and free from release of toxic
gases when burned.

4. Low water absorption.

5. ELEase of cleaning.

6. Vermin-proof.

7. Resistance to chemicals and substances found in
shelters, including gasoline, oil. socap, etc.

8. Gouod aging properties.

9. Stable properties over the range of temperature an-

ticipated in the shelte:.

For use on floors, the materiale must have good wear
tesistance or should he capable of being coated with a wear-
resistant surface that will not impair the ~nergy-absorbing
properties. None of the materiala available aro capable of re-
sisting the damaging effects resulting trom the voncentrated
loads imposed by high-heeled shoes. To minimize damage to
the padding, it is important to exercise control over the type
of shoes that will be worn in the sheiter.

An important property of shock-absorbing materials ie
low rebound. For materials with high rebound, much of the
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energy is transmitted back to the body rather than being ab-
sorbed.

6-2.2 Design

Although danger exists from impact to other parts of
the body, the most savere injuries are produced by blow= to
the head. These injuries are illustrated by the dota on auto-
mobile and aircraft accidents presented in Refcrence 6.1 (Sec-
tion A-7.2n) in which it was pointed out that 75 perceat of fa -
talities are due to injuries to the head. Based on such obscs-
vations, it is generally accepted that protection of ihe head
against injuries which may result from impact is critical in
the design of protective cushioning. Thus, by providing pro-
tection for the head, adequate protection also results fc.: othe~
parts of the body.

The critical factors in designing for impact pretection
for the head are (Reference 6. 1):

1. The maximum g. loading
2. The maximum rate of change of g.
3. The peak intensity of pressure in line with the hluw,

4. The initial impulse of the head striking an object.
This impulse is determined by:

Initial Impulse = My (V, - V), where
M, '+ Maus of the head.

V2 = Velocity before contact.
V), = Velocity after contact.

To determine the magnitude of these factors. it is nec-
essary to perform tasts on each cushioning material to iu-
sure its adequacy for the specified environment. A test pro-
cedure is recommended in Reference 6. 1. In this teat, a sim-
ulated head form having a weight of 30 1b. and a radius of
3-1/2 inches is recommended. The 30-1b. weight, which is
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about three times as heavy as a human head, accounts for ad-
ditional bedy energy which may be contributed by the torso
through the neck. The head form is impacted at various veloc-
ities on test specimens of the material and the measurements
are made of the above factors. Control values of thcae factors
{or developing padding for head impact protection are:

1. Maximum g. loading - 60 g.

2. Maximum rate of change of g. - 20,000 g. /sec.

3. Maximum pressire in line with blow -~ 600 p,s.i.
4. Initial impulse (thx;elhold of fracture) - 5.3 1b. /sec.

The maximum acceleration, the maximum rate of
change of acceleration, and the initial impulse given above are
based on tolerable values for the head whereas the maximum
pressure indicates that the cushioning material has become
solid,

Because the properties of the matarials are guite dif-
ferent when used on a corner than on a flat surface, itis nec-
essary to evaluate corners by separats testa. However, if
the backup material has a radius o. curvature greater than 2
inches, the impact effect is similar to that of & flat panel.

Using the above control values, safe impact velocities
can be determined by recording the imrpact velocity at which
the values are satisfied.

6-2.3 Matarials

Several materials are available that possess suitable
characteristics for shock absorption. Armong the most im-
portani are the foam plastics, including the resilient forms of
polystyrene foam, polyurethane foam, and foamed polyvinyl
chloride. These materials are also available in rigid forms
which possess outstanding shock-absorbing characteristics.
However, the rigid foams are suitable for protection frem one
blow only and, in shelter use, would not provide adequate
protection,
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As mentioned earlier, good shock-absorbing materials
must have low rebound. For this reason, elastic materials,
such as foam rubber and felt, are not suitable.

Tests were performed (Reference 6. 1) in accordance
with the procedure and controls described in Section 6-2. 2 in
order to determine the effectiveness of various energy-absorbing
materials in providing protection for the head against impact
injuries, These materials are suituble for protection against
more than o~e blow. Based on these tests, safe impact vel-
ocities were determined as listed in Table 6-1.

Table 6-1 Safe Impact Velocities of the Head
Using Protective Cushioning Materials

Cushioning Material on Limit of Safe
Hard Flat Surface Impact Velocity
1 in, -thick Polystyrene Foam:

1-3/41b. /eu. ft. 15 ft. /sec.

2 in, =xhick Polystyrene Foam:

1-3/41b, /eu. ft. 18 ft. /sec.

1 in, -thick *Eusolite (Polyvinyl

chloride) 22266: 7 1b. /eu. ft. 17 ft. /sec.

2 in. =thick Foam Rubber: 6 1b. /cu. ft. 1} 1t /sec.

2 in, =thick Polyurethane Foam:
Formulation "A" 16 ft. /eec.

(* Trade name of United States Rubber Company, Mishaw.ka,
Indiana.)

It is seen {rom tne rcsults of the tests that one inch of
Ensolite 22266 provides the best protection per inch ol thick-
ness. The safe impact velocity of 17 ft. /sec. walisfies the
maximum impact velocity resulting from a person falling
over. Most other materials would require a thickness of 2
inches or greater. This illustratea the outstanding properties
of Ensolite 22266. One inch of this material has been uscd
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successfully as a floor mat in boxing rings.

Vinyl coatings may be applied tc the cushioning mater-
ial to increase its wear resistance for use on shelter floors. »

Because of the extremely low density and the flexibility
of the cushioning materials compared to concrete, such ma-
terials would be very effective in protecting personnel from
injuries caused by the compression wave transmitted through
the exterior concretc walls. Only a small fraction of the
peak intensity of the compression wave would be tranamitted
from the concrete to a one-inch thick pad of cushioning ma-
terial.

Protective cushioning materials have more effective
energy-absorbing characteristics when applied to a flexible
backing instead of to a rigid backing. Backing construvction
suca as Lhin-gauge steel, aluminum, or plastic are all effec-
tive. However, to evaluate the properties of the combined
padding and backing, tests must be made on the combination.

6-3 Protective Glothing

6-3.1 Helmets

Efficient helmet designs incorporate a system that dis-
tributes the load over a large area of the skull and aleo includes
energy-absorbing materials. Load distribution is accomplished
by using a hard shell suspended by padding or support webbing
at a distance of 5/8 to 3/4 in. from the head (Refcrence 6 2\
In a proper desagn, high local-impact forces are distribute.
over the entire side of the skull to which the blow is appiied.

Tests referred to in Reference 6.2 (Section A-7. 2a)
indicate that helmets with web suspension wistribute the blow
more uniformly than those with contact padding. However, ’
helmets with contact padding permit less slippage. A com-
bination of contact padding and web suspension, theiefore, ls
desirable.

The shell of the helmet must be as stiff as is compat- '
ible with weight considerations. When the shell is struck by
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a blow, its dcflection imnst not be large enough to permit it
to coma in contact with the head. For use in shelters where
comfort is an important consideration, the weight should be
kept to a minirnum. Among the shell materials that can pro-
vide the required stiffness along with light weight are steel-
wire-reinforced bakelite, laminated bakelite, high-strength
aluminum alloy, vulcanised fiber, and various reinforced-
plastic laminates.

Padding materials, such as polystyrens and polyvinyl
chloride foams, incorpnrate energy-absorptive features.
Many padding materials, e.g., foam rubter and felt, are too
elastic to absorb a blow, Tlerefore, itis important t> con-
sider padding materials carafully and to chooss those materials
that incorporate energy-sbsorbing properi.es.

The helmet design should consider the need for prutuct-
ing the back of the head near the neck and the front of tha head.
Protection for the front of the head may be cumbursome and
uncomforcaable and it may be desivabla to eliminate this pro-
tection for reasons of comfort. An uncomfortable helmet
which will not be worn is of no use at all,

In choosing helmets from standard stocks, the above
{satures should be carefully evaluated,

6-3.2 Misceilaneovs Padding

In cddition to the haad, cthor areas of the hody can ba
padded to protect against injuries which may result from im-
pact. Such items as hip pads and pads to protect the ba.« and
spinal column are desirablc. However, these items may be-
come uncomtortable ii prolonged wear is required.

For maximum protection, items ! this type should be
desigued with a hard vuter shell placed over energy-absorbing

padding.
5~1. 3 Torso Girdies

With impact or with high accelerations, the targe gut
mass may be displaced, resulting in rupture of the lungs or
liver and fracture of the vartebral column. By enclosing the
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abdemen in a rigid girdle as discussed in Reference 6.3 (Sec-
tion A-7.2m), this danger can oe considerably reduced.

The need for this type cf protection in the shelters con-
sidered for civil defense use is somewhat questionable. The
structure motions that are encountered evin at the 300-p. s. i.
ov: rpressure level are usually not severe enough to warrant
the ure ol worso girdles. The major source of possible injury
ia {rom personnei being thrown about ir the shelter, resulting
1 impact with the structure and items of equipment.

Becsuse of the limited protection that may be obtained
from the usc of wido girdles, their use in civil defense shel-
ters is not recommaended.

£-> 4 TPegtective Shoes

Protective shoes are generally not required for protec-
tion within a shelter. The principal structure motions ara
downward, resulting in separation of the personnel irom the
structure floor. The high accelorations thai accompany the
structure motiont, therefore, are never imposed nn the body
through the feet. However, as a result of the separation
which miy occur between the structure floor and perscnnel,
the body will be subject to impact thruugh the feet as & person
falls and catches up with the decelerating ficoe. Maximum,
coiuputed impact velocities for overpressurs fevels up w 300
p. 2.4, are less than )0 ft /sec. and are, therefore, within
the tolerance for human impact {Chapter lI).

64 Pestraining Devicsa

Restraining of peraonnel within chairs or cots geratly
alleviates the danger of injury due to impact with cthe shelter
structure or items within the structure. . .rsonnel could be
restrained so that there is little possibility of impact with sur-
faces or sharp corners. In a practical design, it is nol pos-
sible t restrain all the personnel. llowever, by keeping
traffic to a minimum and by making maximum use of re-
straints, the danger of injury is minimized.

Seats t0 whita personnel are restrained must be
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rigidly attached to the floor and muit be designed to take the
full acceleration loauing applied by the personnel and tae
deadweight of the chair.

Restraining devices for {ixing & perscn to a chair or
cot may include lap telts, shoulder straps. chest straps,
thigh straps, ankle and wrist restrainers, and hardholds. In
shelter structures where cominrt is 2n impor.ant consideration
and where it i3 practical to eliminate any possible impact sur-
faces forward of the head, oniv lap belts and handholds may
be practical although additional protection is odtainable
where the other devices are used.

A prrson restrained by a lap beit may flail about
under the suddenly applied structure motions, His hands,
feet, and upper torso 1y swing forward and, in some cases,
his chest may hit hit knees, Wrist and ankle restrainers cr
kandbolde attached t0 his chair can be used to reduce these
motions. In addition, lap straps should be kept as tight as
comfort will permit.

With restrained personnel, lhare is Wie danger of in-
jury due to the rapidly applied structure motions baing trans-
mitted to the body. The maximum tolerable impact velocity
is 10 ft. /eec. (Chapter II). However, for the design studies
(Chapter VL), the maximum stiructure velocity will not ex-
ceed 10 . /sec. I the velocity of a stiucture exceeds 10
ft. /sec. . the use of energy-absorbing padding mwust be con-
sidered.

As described 12 Refurence 6. 4 (Section A-7.21), '~
belts recomimended for use in autumobiles are S-inch-«ide
nylon with a lovp strength of 3,000 to 4,000 1b. This belt
a.80 appears to be adequate for use in shelter structures.

To minimizan the loade applied to the seat and to re-
duce the danger of fallurs in the restraining device, lap bella
should be attached to the Ninor rathes than to the seatl.

Impact to the head can be avoided if ae backs of the
seats do not extend above the shoulders.




6-5 Sracing Devices

As an aid in preventing people from falling over, hand-
holds may be used along the structure walls and corridors.
To prevent personnel {rom impacting with the walls, protec-
tive railings may be used.

Handholds should not be rigid hard matserials that pre-
sent a potential hazard to falling personnel unless these ma-
terials are padded. More suitable handholds can be ‘abricated
of rope or similar material.

Protective railings also should be of flexible rather
than rigid construction excupt in shelters where the entire
structure is suspended on shock-isolating springs, in which
case the structure motions are minimized reducing the likeli.
hood of personnel falling. Flexiblv railings can be fabricated
of rope (similar in design to boxing rings)., nets, flexible
wire mesh. caavas, etc. In some cases, railings of pipe
nay be desirable; however, if these are used, padding should
be provided.

To prevent seated perasonnel from being thrown later-
ally. sides should be provided on the seats. In the case of
bench-type seats, dividers should be provided for every 3 or
4 parsons 8o &3 to protect the entire group from impacting
against cach other. ,

To prevent personnel from falling out of bunks, a pair
of vertical straps extending from the lower bunk to the bunk
above should ba provided. Netting on the side of the bunk .*
nther devices may aiso be used.
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CHAPTER VI

DESIIN STUDIES

7-1 ScoEe

This chapter presents design procedures and a descrip-
tion and discussion of the design studies performed in con-
junction with this project. These studies ware developed to a
point which will establish design layouts, illustrate typical
methods used for providing protection from structure motious
due to ground shock, and furnish estimates of the cost of those
portions of the structures which affect, or are affected by, the
method of shock isolation used.

The designs were performed for pressure levels of
25, 100, and 300 p.s.i.; for populations of 10, 100, and 250
persons using various type structures; and for foundations at
the various pressure levels. In this study. buildings with one
or more stories were considered, and in all cases th y w=re
assumed to be shallow buried. All three personnel picieuticn
levels (Chapter III) were considered in the designs. Fur agu.pe
ment design criteria, both categories one and twu (Chapier IV)
were used.

7-2 Design Procedure

In order to sulect the most suitable structural configu-
rations for the shelters and to arrive at a reasonable esti-rite
of their cost, the following procedures have been used in .nia
report.

1. Determine the nuclear snvirowmaent (blast data,
weapon size, etc.), design population, and type of structural
configurations to be considered in the study.

2. Establish site conditions and perform sit. evalua«
tion for ground shock.

3. Determine both free-field and design shock spec-
tra. in addition to evaluating the relative displacements
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between the structures and their interior components.

4. The next steps are the determination of the shock
tolerances for both the personnel and equipment, and the es-
tablishment of the type of shock isolation method to be used.

5. Determine the size, shape, and method of opera-
tion of the isolation system for the specified population and
shock environment. Also, design the structural system.

6. Determine the specific configuration' of the shell of
the structure based on the results of step 5 and on thz nuclear
environment of step 1.

Steps 5 and 6 may require reevaluation to produce a
more compatible design of both the isolation system and shell.

7. Determine the cost of those portions of the structure

which either affect, or are affected by, the shock isolation
method.

7-3 Blast Load Data

The inclusion of nuclear and thermal radiation protec-
tion in a design will generally be confined to providing small
modifications in the basic shelter designed for air-blast and
shock protection. These modifications generally will be lim-
ited to those portions of the structure where modifications will
not significantly affect the type of the shock isolation or the
additional cost for providing it, i.e., entranceways, air in-.
take and exhaust, earth cover, etc. Therefors, in this cludy
radiation has been neglected.

On the other hand, blast overpressures and ground shock
will be quite significant in selecting the slLelter configuration,
cepecially in the larger pressure levels (50 to 75 p.s.i. and
higher) where flat roof construction becomes less economical.
The overpressure will usually govarn the selection of the type
of structure and foundation whereas the ground shock will in-
fluence the interior arrangement of the shelter. In most cases,
it is necessary to effect a compromise in the selection of the
best structural arrangement for overpressure and ground shock
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so as to produce the most efficient overall system.

The structures studied in this section are designed to
resist the effects (exclusive of radiation) of a nuclear weapon,
with a yield of 20 MT, detonated near the earth's surface; ;
these structures are assumed to be located at a distance from
ground zero that would produce surface overpressures of 25,
120, or 300 p.s.i. and will remain operable after being sub-
jected to such effects. Basic data for the proposed blast
wave characteristics for the prescribed weapon yieid and pres-
sure levals are summarized in Table 7-1. The idealized
pressure-tirae variations for all three pressure levels are
shown in Figure 7-1.

Table 7-1 DBlast Characteristics
Surface Burst (20 MT)
(Ref. 7.1)

Foaw Overpressuve (Pg.), pos. i 25 100 360
Dewunce from Ground Zero (r), yds., 5,700 3,100 2,060
Arcival Time “‘l)' sec. 5.0 1.4 0.5
Duration of Positive Phase {D ), sec, 3.4 2.3 2.6
Peak Dynamic Pressure {Py,), p.s.i. 12 115 470
Positive Impulse (Ip), p- 8.1 =sec. 24 48 85
Shock Front Velocity (U), f.p.s. 1,710 2,800 4,800
Fireball Radius (R), ft. - 4,000 . .-

7-4 Soil Conditions

For the designs, it was assumed that the soil prvfite
comprised a 10-ft. -thick surface Jayer, & 90-{t. -thick inter-
mediate layer, and an underlying layer extending to a great
t.epth, The assumed seiamic veloucity for esach layer is as

follows: Table 7-2 Assumed Seismic Trofile

Depth Below Ground Seismic Vel-
Soil Layer Surface (feet) ocity {ft. /sec.)

Surface Layer 0-10 1,200
Iutermediate Layer 10-100 2,500
Underlying Strata Below 100 6,000 avg.
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The seismic velocity for each layer is in the order of
magnitude generally encountered at typical soil sites. Al-
though this seismic profile represents a typical soil site, the
profile could vary (with respect to both seismic velocity and
layer thickness) for other sites. Somewhat lower or higher
values of the seismic velocity at each layer as well as an in-
creased or decreased thicknesa of the surface and/or the inter-
mediate layer and even a site of additional distinct layers
could also be considered typical. Thus, the above profile
could more appropriately be designated as a sample of a typi-
cal site.

7-5 Shock Spectra
7-5.1 Frae-Field Ground-Shock Spectra

The free-field ground-shock spectra as computed in ac-
cordance with the procedures uf Section 2-3, for a 20-MT sur-
face burst for the surface and 10~, 20-and 30-ft. depths below
the ground surface are plotted in Figures 7-2 to 7-7 as follows:

Figure 7.2 Vertical Spectra 25 p.s. i,
Figure 7-3 Horisontal Spectra 25 p.s. i,
Figure 7-4 Vertical Spectra 100 p.s. .
Figure 7-5 Horizontal Spectra 100 p.s.i.
Figure 7-6 Vertical Spectra 300 p.s.i.
Figuve 7-7 Horizontal Spectra 300 p.s. .

The pcak ground motions are for the air-induced effect
since the direct-transmitted ground-shock effect results ir
smaller values for the type of site and pressurs levels cot.-
sidered. For computing the elastic displacemaent component,
an effective average seismic velocity (5,000 f.p.s.) was used
which is assumed to be ywivalent to the actual layered site.
The peak horizontal displac>ments, velucities, and accelera-
tions are equal to 1/3, 2/3, 1 times the vertical values, re-
spectively. The peak vertical-displacement spectra values ars
equal to the peak vertical grouw! displacements. The peak
vertical-velocity specira values are aqual to 1.5 times the
peak vertical ground velocities. The peak vertical-accelera-
tion spectra values are equal to the peak vertical ground ac-
caleratiuns. The boundary spectra values for both the vertical

7-8
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and horizontal displacements, velocities, and accelerations
are listed in Table 7-3 (p. 7~13).

The spectra of Figures 7-2 to 7-7 could be considered »
to represent a band cf spectrum values for the pressure range ¢
being considered, e.g., better sites of 300 p.s.i. or poorer
sites of 100 p. 8.i. would lie somewhere between the 100- and
300-p. s.i. spectra. In fact, these spectra may also repre-
sent other pressure levels, e.g.. a typical site of somewhat
higher seismic velocities at 150 p.s.i. could result in the
100-p, 8.i. spectra. To illustrate the above discussion it
mav be interesting at this point lo .ndicate the variation that
may be expected in the soil displacements depending upon the
site conditions and pressure levels,

Table 7-4 Site Vuyriations

Type of Soil Seismic Velocity * Displacement
{ft. Tsec.) {in.)
25 psi 100 psi 300 psi

Poor 2,500 [ 12 23
Typical 5,000 ) 7 14
Rock . 10,000 1.6 &1 4.2

* Effective Average Seismic Velocity

7-5.2 Design Shock Spectra

To determine the responsa of intermediate floor slabs
and bearing wulls, which are integral with the concreic shell,
and of internal shock systems attached to the shell, the fr-a-
field ground motions at theiO=it. and 30-ft. deplths have beer
assuimed to be equal to the motions of the shallow (one and
two stories) and taller buildings respectively. Although Chap-
ter Il recommends that approximately the mid-height of the
shallow structures be used to determine the motions of
structures, it was felt that the 10-ft. depth would be a more ’
realistic estimate of the actual motion: because of occurrence
of the layer change at the 10-ft. depih in the assumed scil
profile of section 7-4. Above the layer change the free-field
velocities and acceierations would be somewhat higher than .
those immediately below and, therefore. the use of the mid- ‘
height motions would not properly account for the etfects of
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the surface layer on the strutures, Thke free-field motions -
at the 30-ft. depth were selected to represent the motions of
the taller building based on the recommendation of Chapter II.
For shallow=type structures, Figures 7-8 and ?-9 are plots .
of the vertical and horizontal design spectra, respectively. .
The design spectra for the taller buildings are not shown be-

cause of this secondary importance of the structures in this

report, although their vaiues may be obtained from the free-

field spectra if desired.

Wicn determining the motions of parsonnel, equipment
and other items attached directlv (no shock isolation system)
to the structure shell, the {ree-fiel? ground imotions at the
forementioned depths are used. A tabulation of the veak values
of these motions is given in Table. 7-5,

For determining the separat.un between items (not
atiached directly or indirectly tc the inierior of the structure)
ang the structures. the variation of the downward motions of
the structures and the free-fall displacemant of the unattached
items with time for the 25, 100-, and 300-p.s.i. overpres-
sure levels are given in Figures 3.1, 3-2, and 3.3, respec-
tively. The variation of the horisental motions of the struc--
tures with time is plotted in Figure 3-4. Both the vertical-
and horizontal -motions -versus-time relationships bave been
computed using tha design sheck specira previously men-
tioned and the procedures outlined in Section 3-2.

16 Sgeu Nlemw&

The site of caih ftructure was hned upan & inime A4

ficor area of 10 8q. 1. per person (not including utilities,
_ toiiets. stovage areas, and partitioas) for the 10l specified

population. In tho persennel areas. the headrsom was main.
tained at & minimumn height of €' -0" exvept +n thuse areas
immediately adjacent to the aides of eylindrical atructures A
(horizsontal cyinders and archesd), in #ich areas the height

iP sl W 0" +0" plus Uw vaitical displaivinest of the sus-
pension system oF the separation of ilema aot stiached 0 the ; -
Noor. “In general. the iimited headroom (below § fe) mmu Ce
ouly over approximateiy 3 percent of the floor aren. In . \j\ s
sarme of the design Iructures. a hadroom thgbuy 1éue tan
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8 ft. was used in the mechanical areas.

A specific space allocation will depend upon the as-
sumed position {sleeping, sitting, or standing) of the occu-
pants within the structure and also upon the anticipated length
of stay as well as the amount of movement allowed. The fol-
lowing are some recommended minimum space allowances
(Ref. 7.2) which will provide a reasonable degree of comfort.

Sleeping (Tier Bunks)
Area - 13 sq. ft. /bunk
Vertical Distance between Tiers - 2'-0'"'plus
relative motion *
Main-Aisle Width - 4 ft,
Secondary-Aisle Width - 2-ft,

Sitting (Short-Duration Stay)
Area - 7.0 8q. ft. /person o
Vertical Clearance - 4.5 ft. plus relative motion *
Main-Ajisle Width - 4 ft.
Secondary-Aisle Width - 2 ft.

Sitting (Long-Duration Stay)

Area - 8 to 1l sq. ft. /person

Vertical Clearance - 4,5 ft. plus relative motion ¥ . A'

Main-Ajsle Width - 6 ft.
Secondary-Aisle Width - 3 to 4.5 ft.

Standing (No Circulation)
Area - 2 8q. ft./porsvn
Vertical Clearance - 8 ft.

Standing (Circulation)
Area - 10 sgq. ft. /person
Vertical Clearance -« 8 ft, #

» Relative motion applies to movanient of suspension sys-
tem and/or relat.ve displacement between unattached
items and the structure proper.

#& 6,0 ft. is acceptable over a limited area,
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7-7 Design Loads, Applicable Codes,
and Aliowable Stresses

7-7.1 Dengn Loads

. This section lists the applicable loads used for the pre-
liminary designs described in this report. - Static and dynamic
loads are presented for the extenor shell as well as for the

- interior portions of the structures. Both the method of ap-

plication and the amplitudé of sach load are liated.

Amplitude
Earth Load (varies with type of stvucture) -
2to 7 p.s.i.
Dead load (vades with type of structure) -
1 to.2p.si.
Blast Load (dynamic response of one) - 25,
100 & 300 p.s. 1.
Application
Circuiar Structures - Radially
Rectangular Structures - Normal

Intezrior of Structure
Amplitude
Static Loads
Dead Load - As given
Mechanical Area « 100 p.s.f,
Personnel Area & Toilets -~ 40 p.s.{,
Dynamic Loads -
Driad Load - As given
Mechanical Area = 100 p.s.f,
Personnel Ares & Toilets - 175 lbs./pers.
Application
Static Loads - 1 g.
Dynamic Loads - Dynamic Response

7-7.2  Applicable Code

The structural design of tha illustrated structures con-
forms to the current ACI Building Code, Including the appen-
dix on ultimate strength design.
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7-7.3 Allowable Stresses

The foliowing is a list of the allowable stresses used in
this design study:

Allowable Stresses for Static Loadas
Concrete Compression (!;:). Axial or Flexural -
3000 p.s.i.
Pure Shear - 0.151)
Bond - 0.15 {é
Diagonal Tension - ACI Code
Reinforcement (ASTM A432) - 60,000 p. 3.1i.
Soil Bearing Stiess ~ 4 t. 8. f.

Allowable Stresses for Blast Loads
Concrete Compression (f), Axial or Flexural -

1.25 fé
Pure Shear - 0.18 Ié
Bond - 0.18 {2

Diagonal Tension - ACI Code

Reinforcement (ASTM A432) - 78,000 p.s.i.

Soil Bearing Stress {Dynamic Response 0i 2) -
‘ ‘l .. t‘

Allowable Stresses for Ground Shock
Structural Steel (ASTM A36) - 36,000 p.e. 1.
Spring Steel (Ref. 7.3) - 80,000 p.s.i.

T-8 Description of Design Concepts

Of the thirty-five schemes included in this study, ni.e
structures were designed for the 25-p. s.i. overpressure
range while sixteen and ten structures were designed for the
100~ and 300-p. 5.i. pressurec levels, resvectively. The
schemes for the 25-p.s. 1. overpressure range were limited
to rectangular-type bulldings whereas for the higher pressure
levels several differeat structural arrangements were inves-
tigated for feasibility of construction. The latter included
borisontal and vertical cylinders as well as arches. Person-
nel protection levels 1, 2, and 3 (Chapter 1II) were considered
for all three overpressure levels, and ior the equipment toler-
ances categories | and 2 (Chapter IV) were used. For personncl
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protection No. 1, suspension systems. consisting of one,

two, or more platforms were studied for the structures at the
100 and 300 p.s. i. pressure levels. In the case of the rec-
tangular structures, only single-story systems were used.

All three population sizes (10, 109, 250) were included in the
studies of the 25-p. s.i. structures while the buildings for the
higher pressure levels were designed for 100 and 250 persons
ornly. These combinations of the pressure levels, population
size, protection level, and suspension systems, along with an
outline deacription of the structures, are presented in Table
7-6. The designation of the structures listed in Table 7-6 is
described by the following example. The structure designation
HC(T) 300-250-1, identifies the horizontal cylinder with a
two-stury interior suspension system located at the 300-p. 8. i.
overpressure range, having a capacity of 250 people and a
prrsonacl protection level of one. In the following discussion,
the number of levels refers to the total number of stories in-
segral with, or suspended within, tne shell of the structure.

In the following discussion, those structures which were
found to have the most favorable structural and/or economical
arrangement are described in more detail. These structures,
referred to as basic concepts. are as follows:

Overpressure Configuration
25 p. sl Rectangular
100 p.s. . Horisontal Cylinder
300 p.s.i. Horisontal Cylinder

7-8.1 Basic Concepts for 25-p. 8. 1. Pressure Range
a.  Structure RE(S) 25-250-1

This scheme, as shown in Figure 7-10, s a single-
story reinforced-corcrete rectangular structure desiganed for
250 persous. The overall plan dimensions of the building are
59 ft. -8 in. by %9 ft. -8 in. while its interior clear height is
10 f. -3 in. The ruof slab is a flat plate | ft. =9 in. thick,
supported along its pariphery by a 10-inch-thick exierior wall
and at the center by a reinforced concrete column. The walls
are supported on a coantinuous foundation the thickness of
which (s the same as that of the roof slab.
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The interior of the building consists of a single-story
shock-isolated steel structure or platform which is supported
by twenty helical comprcssion springs mounted on the coan-
tinuous floor slab. The overall distance between the top of
the suspended platform and the floor slab is 1 ft. -3 in. This
will allow for a vertical downward motion (from its at-rest
position) of the platform of approximately 6 inches. The hor-
izontal clearance between the platform and the shell of the
structure is 6 inches. The clear distance between the top of
the platform and the ceiling of the building is 9 ft. -0 in. This
provides {or a headroom of eight feet in addition to a one-foot-
high overhead space for conduits and ducts. The platform has
a usable area of approximately 3400 sq. ft. und is divided
into three main sections: (a) personnel area, (b) mechanical
area, and (c)toilets. Both the mechanical and toilet areas,
which are located on the same side of the structure, are sep-
arated from the personnel area by metal partitions: The
personne) arca, which comprises the major portion of the
platform, is protected along its periphery by a metal railing,
I fe. -6 in. high. Access between the main structure (en-
tranceway, exhaust and intake shaft) and the platform is by
means of removabla metal plates. All partitions. railing,
ete. , are of standard design.

b. Structures RE-. -250-2 and RE-25-25%0-)

These schemes, shown in Figure 7-11, bave the same
overall roof area and thickness as those of structuie RE-25-
250=-1, and were designed for the same pupulation. The 10-
inch-thick exterior walls, which have a clear height of 9
ft. <0 (n., support the roof along its periphery while a rein
forced concrets column supports ite center. The walls are
supported on indiviaual footings except in the area of the
mechanical equipment where a combined foundation is used.
Outside this latter area the floor slab is of the floating type.
The column is supported on its own foundation.

From an architectural standpoiul, each building ie
separated into three sections, i.e., the personnel area, the
mechanical area, and the toilets. The mechanical area
and toilets are located on the same side of the structure ad-~
jacent to one ancther. Their combined livor area i9 equal to
aApproximately 20 percent of that of the building. These arcas
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are separated from the main shelter area by a reinforced
concrete wall.

Both the personnel area and the toileta are located on
the concrete floor slab of the structure, while the mechanical
equipment is8 mounted on a shock isolated platform. The plat-
form is supported on tea helical compression springs which
in turn are mounted on the monolithic section of the founda-~
tion. The top of the platform is located 1 ft. «3 in. above
the base slab and 7 ft. -9 in. below the roof. The clearance
between the foundation and the base of the platform provides
room for a vertical movement ( of the platform) of approxi-~
mately six inches. A six-inch rattie space is provided
around the mechanical equipment support system. Movement
between the mechanical area and the remainder of the building
is across a removable steel plate.

Structures RE-25-250-2 and RE-25-250-3 were de-
signed for personnel levels 2 and 3, respectively., In struc~
ture RE-25-250-2, the flocrs, exterior walls, and corners
of interior concrete partitions in the parsonnel area and the
toilets are padded with one-inch-thick snergy-absorbing ma-
terial, while in structuvs RE-25-250-3 only the exterior
walls and the corners of the interior wails are padded. In
both structures, the corners are chamfered in order to pro-
vide the required two=-inch radius of the cushioning so as to
produce the required protection (See Chapter VI). No cush-
ioning is provided in the yiechanical area becauss of the pre-
sence of the suspension systam.

c. Structure RE(S8)-25-100-]

This structure, shown in Figure 7-=10, is designed
for a population of 100 peraons and is structurally similar
to that described in Section 7-8. l1a with the exception that
its overall plan dimensions are reduced 0 41 ft, -8 in. by
41 K. -8 in. This reduction of the sise of the building de-
creases the usable floor area of the structure and of tire steel
platform to 1600 and 1520 sq. ft., respectively. Twelve
helical compression springs are required to suppori the
suspension system as comparad to the twenty springs of
structure RE(8)-25-250-1.
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d. Structures RE-25-100-2 and RE-25-100-3

These structures, as shown in Figure 7-11, are gim-
ilar to the structures of Section 7-8. 1b except that the overall .
plan dimensions are reduced to that of Structure RE-25-100-1, *
In these structures, six compression springs are used to sup-
port the equipment platform in the mechanical area.

e. Structure RE(S5)-25-10-1

This scheme is a rectangular reinforced-concrete shel-
ter as shown in Figure 7-10. The structure wan ¢ e¢signed for
a population of 10 persons and, therefore, has overall dim-
ensions of 16 ft. -8 in. by 12 ft. -8 in. As in the case of the
other rectangular structures for personnel protection one,
an interior shock-isclating steel structure is supported on the
four helical springs which in turn are supported on the con-
tinuous concrete foundation of the shell, The overall head-
rcom and the rattle spaces around and beneath the platform
were maintained identical to those of the other rectangular
structures with the larger populations. The architectural ar-
rangement of the platform is similar to that of the larger struc-
tures with the exception that the floor areas of the individual
rooms are proportionally reduced.

f. Structures RE-25-10-2 and RE-25-10-3

The floor plan of these structures (Figure 7-11) {s of
the same size ae that of structure RE-25-10-1, and the verti-
cal dimensions are the same as those of the structures of Sec-
tions 7=t.1b and 7-8.]d. Structures RE-25-10-2 and RE-2%
10-3 are designed to provide personnel protection ievel two
and threa. respectively, The cushioning in these buildings
is the same as that descrided in Saction 7.8, 1b,

7-8.2 Basic Concepts for 100- and 300-p. <.\, Pressure Ranges
a. Structures HC(T)-100-250-1 and HC(T)-300-250-1 .

These schemas, a8 shown lu Figure 7-12, are single-
level, horisontal cylindrical concrate structures with » two- »
story interior shock-isolation system i(n each. .
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The interior diameter of the cylinder is 25 ft. -0 in.
and its length is 99 ft. -0 in. The ends of the cylinder are
sealed by two hemispherical domes which have an interior
radius of 12 ft. -6 in. The thickness of the walls of both the
cylinder and the spheres of the 100-p. s. i. shelter is 0 ft. -% in.
while the shell thicknesses of the cylinder and spheres at their
springing lines in the 300-p. s.i. buildingare | ft. -0 in. The
thickness of the crowns of the latter spheres is | ft. -0 in.

The interior shock-isolation system is a steel struc-
ture which is attached to the shell of the concrete portion of
the building by eight helical compreasion springs (orming a
pendulum-like arrangement. The clear distance between the
shell and the suspension system is governed by the required
minimum headroom near the edge of the upper platform and is
1 ft. -9 in. in both structures. The upper story of the inter-
ior structure of each building has a vsable floor area {for per-
sonnel and/or equipment) of approximately 2,200 sq. ft.,
while the usable floor area of the lower level is approximately
1,200 sq. ft. The overall distance between the two floor
lovels is 9 feet. Means of access batween the vpper and
iower storiez is by stairs located near the center of the struc-
ture. The main thelter area foi perscnuel iy situated on the
top level while a smalier personnel area is located at the bot-
tom of the stairs on the lower floor. This latter area sepa-
rates the mecbanical area and the toilets located at each end
of the lower floor. The periphery of the open ares of both
levals of the intarior structure is provided with a 3 ft. <6 in. -
high metal partition for personnel protection. The partition
is also used around the stairs at the upper level. The lower
portion of the stairs and those areas (mechanicel, storage,
and toilets) separated from the personnel areas are enci-sed
with light metal partitions. Access betweer the main struc-
wre and the support is by means of removable msetal plates.
All partitions, railings, etc., are of standard design but are
reinforced to resist impact forces resul .ag from the move-
ment of objects (pursonnel, furniture, etc.) within the struc-
ture.

b Rructure HC(S).100-250-1 and HC(S)-300-280-1

These schemes, as shown in Figure 7-13, are rein-
forced-concrete one-level horizontal cylinders. with interiur
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radii of 9 ft. -0 in. The structures are sealed at their ends
by hemispherical domes which have the same interior radius
as the cylinders. The length of the cylindrical portion of the
100-p. s.i. structure is 238 ft. -0 in. For the 300-p.s.i.
building its length is 256 ft. -0 in. Both the domes and cylin-
der of the 100-p. 8.i. structure have a shell thicknesa of 0 ft. -
8 in., while those of the 300-p. 5. i. building are 1 ft. <0 in,
thick.

The interior of both buildings consists of a suspended
platform forming the floor slab for the mechanical area, per-
sonnel area, and toilets. The platform is 15 ft. -0 in. and
14 ft. -0 in. wide in the 100~ and 300-p. 8.i. structures. re-
spectively, and is suspendad from the upper portion of the ex-
terior shell by a pendulum arrangement consisting ot sixteen
helical compression springs. The minimum clear distances
between the shell and the platform in the 100- and 300-p.s. .
structures are | ft. -0 in. and | ft. -9 in., respectively. The
mechanical area and toilets are located at opposite unds of the
platform with the personnel arsa situated in the middle. The
approximate usable floor area of the platform is 3,400 sq. ft.
Like the two-story susponsion systems, the periphery of the
personnel asea is bordered by a 3-ft. -6 in. -high metal par-
tition railing while the mechanical ares and toilets are enclosed
with 8-ft. =high metal partitions and roof panels.

e Structures HC-10

30+250-2, HC=100-250-3 and
HE-soa-iﬁ-i, HC-300-250-3

These schumes (Figure 7-14) are single-level rein.
foruwd-concreie horizsuntal cylinders with an intericr radiun
of 9 ft. <0 in. The ends of the cylindrical portions of the
shelters are sedled with hemispherical sections, the interior
radii of which are the same as that of the cylindar. The shell
thickness of both Jhe cylinder and the sphares s 0 . -8 {n.
for the 100«p. 8. i. structure and & ft. -0 in. or the 300-p, . L.
building, while the length of the cylinders is 203 R. -0 in. in
all the sheiters.

Froia sa drchitectural viewpoint, the buildings are
separated into three sections, i.e¢., the personnel area, the
mechanical area. and the toilets.  The mechanical area and
wilets are located &1 opposite ands of the shellars and are
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separated by the area used for the personnel. Reinforced
cancrete walls are used to separate the persounnel area from
the other two sections of the structure. Both the personnel
area an the toilets are located on the conrrete fivor alal
situated 3 ft. -6 i=. below the center of the cylinder. The
width of this slab is 10 {l. -0 in. and is formed by filling
{monolithically) the lower portion of the cylinder with concrete
to the desired elevation. The mechanical equipment is shock
isolated on & structural steel platform. The platform is
supported by helical compression springs (four and eight
spriugs in the 100~ and 300-p. s.i. structures) which, in turn,
are supported on the floor of the cylinder. Also provided in
the 300-p. 8.i. structures are eight beam springs for lateral
stability of the platform. The cylinder floor in the mechani-
cal area (all structures) is 3 ft. -3 in. below that of the per-
sonnel area. All movement between the platform and the
other areas is across removable metal plates.

Structures HC-100-250-2 and HC-300-250-2, which are
designed for personnel protection level |, have all their
walls {interior and exterior) and their floor slabs in the per-
sonnel area and toilets padded with onesinch-thitk energy-
absorbing material while only the exterior walls and the cor-
ners of the interior walls are padded in those structures de-
signed for personnel protection level 3. i all the structures,
the corners ars chamfered in order to provide the required
two-inch radius of the cushioniug to produce the required
protection. No cushioning is provided in the inechanical
areas of the dbuildings. An alternate inethod of providing pro-
tection for thode persons who are situated next to the interior
walls, is the use of cargo nets or some other suitable mater.
ials. In this case, the purpose of the netting is primer(’; to
prevent the personnel from making direct contact with the
walls ia addition to cushioning their falle.

d. Sructure HC(T)-100-100-1 a.u HC(T)-300-100-1

Theae schemes, as shown in Figure 7-13, are similar
W the slructures of Sectiva 7«8, 22, except that the leagth o.
the cylindrical portion of the shell is 36 ft. -0 in. In addi-
tion, & slight rearrangement of the architectural {eatures of
the structures bas been eifected. To utilize more efficiently
the available flour ares of the iaterior suspension system. the
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toilets were relocated to the end section of the upper story ad-
jacent to the air exhaust, and the lower story was used grim-
arily for the mechanical arva. A small personnel area is
retained near the bottom of the stairs cn the lower platform. .

e. Structure HC(S)-100-100-1 and HC(S5)300-100-1

These buildings, shown in Figure 716, are similar to
those of Section 7-8.2b except that the lengths of the 100~ and
300-p. 8. i. siructures are reduced to 125 ft. -0 in. and 133 ft. -
0 in., respactively. to correspond with the reduced population.

The length of the platform of the suspension system
has been reduced to 117 ft. -0 in. (100 p.s.i.)and 125 £t -
0 in. (300 p.s.i.) and has a usable area of approximately 1800
sq. ft. Eight helical compression springs are used to sup-
port the platform in the 100-p. 5. 1. shelter while twelve springs
are Jatiliaed in the 300-p. ¢.i. building.

f. Swuctures HC»100-100-2, HC-100.100-3 and
HC-100-100-2, HC-100-106.)

These shelters (Figure 7-17) are similar to those des-
cribed in Sestion 7-8.2¢ except that the lengths of the struc-
tures bhave besn shortened v accommodate the reduced populs -
tion. The cylindrical portivns of the structures are 93 it «

0 in. and the oveorall interior length of each structure is

Il . =0 in.  In these buildings the shock isolation platiorms
for the mechanical equipment rre supported by four helical
apriogs in all the shelters. The apiings in turn are suppn:t.
#d by the concrete floor. The arrangement of the cushioni.
for personnel 18 given in Figure 7-17.

7-8.3 Other Concept Studies

a. Arch-Type Structures

Figures 718 w 7.20 ary JJusts ations of reinforced
conerete arches designed (o withstand a biast overpressure of
100 p.a.i. Swructures AR-100-250-1 and AR-100-100-1 ate
designed 1o provide protection level oae for personnel while »
steactures AR« (002502, AR-100-2%0-3, AR-100-100:2 aed :
AR-1004100<3 provide parsunnel protection lvvels two and thres.
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Those structures designed for protection level one
consist of a 180-degree arch with an interior radius of 14 ft. -
6 in. The concrete arch is supported on a monolithic founda-
tion slab 6 ft. -0 in. thick. Suspended from the interior sur-
face of the arch is a pendulum-like structural -steel isolation
system consisting of a structural-steel platform supported by
helical compression springs. The platform houses the three
areas which comprise the shelte:, namely, the personnel
area, the mechanical area, and the toilets. The arch design
for protection levels two and three consists of a 180-degree
reinforced concrete structure with an interior radius of 12 ft. -
6 in. The personnel area and toilets are located on a concrete
foundation slab similar to that described above while the me-~
chanical equipment is shock isolated on a separate structural
steel platform. This platform is supported by springs which
are suspended from the arch. The personnel area and toi-
lets are shock isolated by means of cushioning.

b. Vertical Cylinders

layouts of the vertical cylinders are shown in Figure
7-21., The structures were designed for the 100~ and 300-
p. 8.i. pressure Juvels, populations of 100 and 2%0 persons,
and a personnel protection level of one. The 250-person
shelters for che 100~ and 300-p.s.i. pressure levels are six
and ten stories, respectively, while the 100-person structures
for the 100- and 300-p.s.i. pressure ranges are three and
five stories in height. The distance between (lvor levels of
the vertical cylinders.is nine feet. It should be noted that, in
the designs of the cylinders at the 300-p.s.i. pressure, bem-
ispherical end sections were used on the upper and lowc* 2nds
of the cylindera while at the 100-p, 8.{. leval, circular s.abs
were used to seal the siructure. In the latter case, a rein-
forced concrete column was used to support the ceatral por-
tion of the slabs.
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7-9 Cost Estimates

The following section summarizes the quantities and
cost estimates for each of the shelters illustrated. The unit
prices are based upon national average costs (Refsrence 7. 4)
and are subject to sorae local modifications, but the quantities
should remain essentially constant.

The estimates were limited to those structural items
of the shelters which either attect, or are affected by, the
shock isolation system. Cost estimates arc given for the
earthwork (not including real estate), main structural shell
{excluding entrances, exits. air intakes and exhausts), inter-
ior structural partitions {concrete and stcal), and the isolation
system. The structures were assumed to be located in a nor-
mal soil environment (not rock) with the water table below the
foundation.

Excavation criteria for the various structures varied
depending upon the structurs! cenfiguration. Tho open-cut
excavation for the rectangular sheiter and the arches was cal-
culsted on the basis of & one-on-one slope extending upward
from a perimeter one foot outside the base of the foundation
while the open-cut excavation for the horizontal cylinders ;s
based on a one-on-one slope extending upward from a peri-
mater one foot vutside the shell at the mid-height of the cylin-
der. Below the mid-neight, the excavation has the same shape
as the structure. For (he vertical cylinders, vertlizal shaft
excavation was used throughout with the exception of the
300-p. 5. 1. shelter where formed excavation was utilized for
the lower hemispherical end

7.9.1 Duscription of Tables and Charts

The tosal cost of each of the thirly ~seven sheliurs
studied in additivn o the total cost for nen<shock ~isolated
structures (structuces whose shell i capabls of sustaining
the blast load snd the effects of ground motivn) for the varicus
pressure levels und papulation sizes are given in Tabiv 7-T
{pp. 59-63). This table includes individull cesty of the main
struclures and the shock isalelivn system as weli as the cost
per square foot of the shelter and the cost per person.  Rela.
tive costs lor eith pressure level and population size are also
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given for the variocus personnel protection levels. These cosats
are relative to the cost of the non-shock-isolated structure
(NSI). All of the cost data of the above table includes a 25 per-
cent increase of the material cost to account for the contrac-
tor's profit, overhead, and contingencies. No allowance was
made for architect-engirecr fees.

In Tables 7-8 to 7-18 (pp. 65-75), quantity and
cost breakdowns for various structural components are given
for the sheiters iuvestigated. Also included are the quantity
and cost breakdowns for the ncn -zhock-isclated structures pre-
viously mentioned.

A plot of the relative costs veraus the nersonnel pro-
tection levels is given in Figure 7-22 (p. 7-76), fur basic
concepts of Section 7-9. The costs are plotied relative to the
cost of the 250-person, rectangular (25 p. s.i. overpressure),
non-shock-isolated structure. This figure indicates the most
economical one-and two-story buildings investigated.

Figure 7-23 (p. 7-77) indicates the variation of cost
(per person) of structures versus overpressure. The curves
are plotted for all three protection levels in addition to the
no-shock-isolation case. Chart "a" gives the coat variation
for the 250 -person shelters, while chart ''b" indicates the
cost-versus-protection level relationship for the 100-person
structure.

7-9.2 Discussion of Tables and Charts

Except for the two-story structures {protection level
one), the relative costs of the shelters investigated will in-
creass with decreasing protection level (Figure 7-22 and Table
7-7). This increase is primarily the result of the additional
material requirud for the lower protection level, i.e. . the
addition of the cushioning and mechanical « juipment suspen-
sion systems for protection levels two and three and the ad-
dition of the suspension system and the incrcase of the shell
size for protaction level one. In all cases, the relative cost
for the two-story structure{protection lavel one) is Jess than
those for protection levelatwo and three (Figure 7-22). The
relative cost increase, above that for the no-shock-isolation
syatem, of the two-story structures is equal to or less than
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five and twelve percent for the structures at the 100- and
300-p. s.i. pressure levels, respectively.

The relative cost for a particular pressure level, struc-
tural configuration, and protection level is greater for the
100-person shelter than that foi the 250-peraon structure;
while in the case of the 2%3-p. 5.1, -rectangular structure, the
relative cost fus the L0-person shelter is less than those for
the 100~ and 250-pcrson buitdings.  The increase of the rel-
ative cost of the 100-person shelter above that of the 250-per -
son shelter is the resuli of the more predominant effect that
the cost of the shock isolation system has on the tutal! cost
in the forraer shelter in (ompavison to that of the latter,
e.g., the cost of the shock isulative system of structure
RE(S)-25-100-1 is A3 percent of {hw cost of ne-shock-isolation
structure (25 p.8.i. and 100 persou} whiiv ia structure
RE{S)-25-230-1, the cost of the shock 1solation system is
only 49 percent of the cost of the no-shock-isolation shelter,

It is interesting to note that the costs of the isolation
systems in the structures studied can be as high as 68 percent
of the cost of the shell (Table 7-19) (p. 7-78). The cost of
the suspension systems for the two-story structures {protec-
tirn level one) will vary between 53 and 68 percent of the
coust of tha shell while the variation for the one-story buildings
{protection levul one) will be hetween 42 and 53 percent ax-
cept for the arch structures where the suspeusion system costs
are 24 and 34 perceat ¢f that of the shell for the 250-and 100«
prrson shelterd, respectively. This reduction in the percent
rost of the arch surpension system is & result of the relatively
high cozt of the structure shell due to the presance of the mon-
olithic foundaticn stab.  In all cases, the porieut cost ¢ the
suppuil systams fur protoction tovels twe and three ik less
than thirty.

In Figurt 7=23, the solid lines ft.aicate the mas. econs
omical structures ivr the various protection levels while the -
dash line i dicates tie most economical single-story atructures.
Though not 1adicated in the tables, the cart por person of 3
two=dtory soctangular structure will be approxirnatdly the tame
a8 thag ol & cne-story sheller at the 23.p. ».i. presaure. ‘There-
fore. in the abouve figure, solid lines ware drawa between the
point indicatii g the cost of the singie-story rectangulay
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structures at the 25-p. 8.i. overpressure range, and the
points which indicate the cost of two-story horizontal cylinders
at the 100-p. 8.i. pressure level.
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7-10 Discussion of Design Concepts

7-10.1 Structure Shell

The shell of the structures was designed for the blast
load applied to the exterior of the shelter whereas partitions,
intermediate floor slabs, and other interior items were de-

signed for the structure response to the ground motion.

The selection of the structural configurations for the
various pressure levels was Lased upon the capacity of the
structure to resist the blast loads. and the coaventionality and

economy of construction.

Except fo) a corrugatcd arch-type structure, the rece.
tangular shelter was found to be the most econc nical structural
arrangement for use at the 25-p. s.i. overpressure range.

Here, individual ifuvtings are used for protection levels two and
three while the more costly monolithic {foundation slab is re-
quired for the first protection level. In the design. the indiv-
idual footings consist of a thickened concrete section under the
walls and column which are tied intu a thinner slab section
spanning between the footings (Figure 7-24a). When move-
ment of the structure oucurs due to the ground shock, cracks
are formed in that portion of the slab immediately adjacent to
the foutings. and differential movements are produced between
the slab and the foutings. For a shelter designed to provide
protection levels two and three, this relative motion. when
occurring adjacent to the walls (as in the case of small font-
ings), may be tlerabie but would be undesirable near the mid-
spans of the floor. In the latter case. a {outing -slab deril
similar to that shown v Flgure 7-2db would be mwwre appynp-

riate.

The use of the monolithic loundation far protection level
one was predetermined by the use of base ~mounted apring sup-
poria for the shock isolation system. L & pendulum system
weres used. the spriag supporis would have to be attached either
to the ceiling near the exterior wails or to points high on the
walle themselves.  This would result in much longer spans
than may be expected in the base-mounted syslem and. thero.
fore, resull in a large inCrease in cost of the suspension syslem
ahove that used where the platform spans between the springs
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are somewhat smaller.

If a corrugated metal-~piate arch were used for the shei-
ter configuration at the 25-p.s.i. overpressure range, a one-
foot thick monolithic base glab would be required to support
the corrugated plate. The reduced cost of the foundation slab
of the arch in comparison to that required for the rectangular
shelter, in addition to the reduced cost of the superstructure
uof the former compared to that of the latter, will make the cor=-
rugated arch the most economical arrangement even though its
use as a permanent-type structure (20 or 30 years) will be
limited. This limited life of the corrugated arch and its non-
conventionality led to the selection of the rectangular siructure
for use in this atudy; nevertheless, it is realized that, in the
cvent of the implementation of a large shelter program, the use
of the corrugated arch wuuld merit consideration during plan-
ning. The use of the concrete arch at the 25-p.s.i. overpres-
sure range was considered but found to be ureconomical.

At the 100-p. 8. i. overpressure level the horizontal and
vertical cylinders were studied in addition to the concrete
arch. As previvusly maintained. the horizontal cylinder was
found to be the most nconomical of the three, and because of
the equal unconventionality of the thres arrangements, the hor-
izontal cylinder was sclucted as the most practical configura-
tion. In regard to the other two arrangements. the large foun-
dation slab of the arch {munolithic) and the thick ruvotl and foun=
dation slabs of the vertical cylinder rendered these structurues
unecouomical. In both stiuctures, the use of the monolithic
foundation is predetermined by the soil streagth utilizcd {4 -
ton static). If the structures were designed for another =
ce=ditivn (say a suil streagth of e ght tand) Individual fontinga
could be used, thoreby vastly reducing the structure cost. t.c.,
for the concr-te arch, 1t is possible to use (bolings that are
eight feet wite and twenty inches thick & sach of the apringing
lines, resulting in & decrease of appreximately thirty porcant
of the ¢cost of the structure {(AR(S)-100:250-1); however, thie
still exceels the vansl of the horigsowtal cy.inder.

Both the hur.scatal and the vertical eylinders wero iae
vestigated at the 300+p. 8.4, overpressurs lovels. Each om)
of both cylinders is sealed with hemispherical domes. The
ute of the dunes serves a twolold purpose; i.e.. (1) provide
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usable volunie within the structure thereby reducing the required L
length of the cylindrical portion of the structure, and (2) elim-
inate the need for a thick flat plate to sustain the blast load.

Because all of the volume cf the horizontal cylinders at
the 100-and 300-p. s.i. ovarpressure range cannot be utilized
if the usable floor area is on one level, multi-story inner
structures were investigated to determine their efficiency in
comparison to the single-story structure. The use of a two-
story inner structure was found to provide the most econom-
izal arrangement fur the populations (100 and 250 persons)
considered and a protection level equal to one. When a de-
sign was performed for a similar structure for protection levels
2 and 3, it was found, for the spans required, that structural
members with frequencies in the order of 10 to 20 c.p.s.
would be required and, therefore, thcir requived si-angth
would have to be as much as 20 to 50 g. (Figure 7-8) depend-
ing upon the pressure level congidered. The members could
not be designed f{or these luads. [{ an attempt wers made to
make & mure flexible system {(say in thc orderof2to 3 c.p.s. ),
then it can be seen from Figure 7-8 that the displacement of
the floor sysiem would be in the order of 3 to 13 inches de-
pending upon the frequency and the pressure range. These
displacements would be intolerable for the personnel under re-
peated vibration (cuncrete would damp out in approximately
10 cycles while steel members will vibrate many more timeas
than 100 cycles although additional damping will occur in con-
nections of steel structures). From the above discussion it
therefore can be seen why single-story buildings were used for
protection levels two and three. In the hurizontal cylinders
designed {or protectiun levels two and three. the lower por-
tion of the structurs is filled with concrety to the desired eir
vation of the fluar. The contrete fil: |9 reinforced to su-tain
the exterior loads; i.v., the thickened concrete scction will
respond to the blist load in a wimiiar feshion as a foundation
alab.

7.10.2 Shock lsvlation Systems

a.  Shock-lgulated Platluem

As previounly mentioned, the design of the shock-
isolated platforms alilises both pendulum and base-muvunted
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support systems. The pendulum systems were used in those
structures which (1) could not readily support the interior steel
structure on their base slabs {cylinders); (2) required an in-
crease of the size of the shell above that required for a pendu-
lum system (arches); and (3) required two-story-interior steel
structures while the base~mounted systems are used for those
shelters where the pendulum system is not a practical ar-
rangement, e.g., as in the rectangular structure, the large
spans would result in a substantial increase in the cost of the
platfearm. F - hoth the pendulum and the base-mounted sye-
tems. helical cormpression springs are used because of their
eccnomy and adaptability (Chapter V).

Investigation of the designs of the shock-isolated plat-
form indicated that optimum design value of the dynamic re-
sponse of one g. will produce the most economical spring sys-
tem. Fur dynamic response values less than one g., an in-
crease in the cost of the springs will occur because of the
additional length of the springs needed to produce the required
larger displacements at the lower response values. For dy-
namic response values greater than one g., the size (diameter)
of the spring wire must be substantially increased to carry the
heavier loads resulting from the higher response, thereby
producing a cost increase above that of a one-§. design. On
the other hand, the cost of the platform will decrease as the
dynamic rasponse decreases, with a mimamum value occurring
with a static~design load equal to 1.5 g. (design load equal
to the weight of the suspension system plus the weight of its
content and a safety factor ¢f 1. 5). In the case of the large
spring-supportud piatforms (for persoanel), the cost of the
spring assembly will be in the sama order as that of the st
for™, therefore. an oplimum design load for the isolation
system as A whole will lie between 1.5 g. (static design) and
2 g. (dynamic response of one g. ). In the designs presented
herein, the isclated platforms for persoat ° wvere designed for
a dynamic respuase of 0. 7% g {see design criteria of
Bection 3+3).  Fur the designs of the equipment-isolated plat-
forme. which are subatantially smaiier than the persunnel
isolation systems. the cost of the spring assembly i3 in the
order of | 5 to 3 times the cost of the platform. Theralore,
the must ruunaniral design of the spring assembly »ill pre.
dominate it the design of the isolation system as a whole.
thereby rosulling in & design load of one g, applied dynamically.

1-8)




Although the designs of the equipment platforms presented here-
in do not provide protection for personnel (dynamic response
equal to or less than 0.75g.}, an economical design which
includes personnel protection but which will be slightly more
expensive than the one shown, could be provided.

Based on the discussion of the cost of the suspension
systems above, it can be seen, in the design concept shown,
that the deusign of shock isolation systems for a dynamic re-
sponse greater than one g would be uneconomical. Therefore,
the utilization of the criteria for restrained personnel (Section
3-3, dynamic response equal to 2 g.) and for the use nf the
actua! equipment shock tolerance which may be considerably
higher thar one g. . (Section 4-3) will be unwarranted.

The clearances required for the design of *he shock~
isolated platforms were based upon the space allocations of
Section 7-5 and upon the vertical and horisontal displacement
responses determined from Figures 7-8 and 7-9. The maxi-
mum displacements required in the design of the shock isola-
tion system for the structured at the 100-and 300-p.3.i. over-
pressure levels were equal to the displacemant boundary values
of the respective spectra curves while for the 25 p. s.i. shel-
ters the displacement values uied in the designs were less than
the boundary values. In ail cases, the rattle space main-
tained around the shock idolation systems is greater than the
resultant ¢f the horizonal and vertical displacement obtained
from the tpectra. The additional space provides rocm for
rotation o the isolation system due to the dynamic loads in
addition t¢ any misalignment of the intevior steel structure
and/or shell during construclion.

Taosle 7-20 indicales the properties of the springs used
in the various designs investigaled. It 14 inleresting to note
tha. the maximun. uncoupled horizonlal freauency for the
pendulum-type shock isolation system is 0..0 ¢.p. 8 which
will conform to a hetrizgontal acceleration of approsimately
0.2 This is less than ane-half the horizontal acceleration
wierance lor personnel (Sectiva 3-3% On the othetr hand. the
maximum uncoupled horigunial frequency for the base ~mounted
shock system of the 25 p. 8. i. shelter is 3.1 ¢ p. 3. which
conforms o a horigontal acceleration ofone g.  This latler
value exvieds the allowable lolerance for personnel. I se
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Table 7-20

fype ol Dynamic Static Load Mean Wire No. of To
Shock Iso. Structure Response per Spring Diameter Diameter Active No
System Designation (g.) (kips. ) {in.) (in.) Coils Coi
HC(T)100-250-1 0.75 36.5 12 2-1/2 14.6 1
HC(S)100-250-1 0.75 11.3 12 1-3/4 11.3 1
AR(S)100-250-1 0.75 1.1 12 2 11.2 1
AR(S)100-250-2&3 1.0 10.1 12 2 10.8 1
@ VC(M)100-250-1 0.75 23.2 12 2 9.4 1
§ HC(T)100-100-1 0.75 19. 4 12 2 11.3 1
o HC(S)100-100-1 0.75 9.75 15 2 6.6
b2 AR(S)100-100-1 0.75 9.75 15 2 6.6
g AR(S)100-100-2&3 1.0 6. 4 12 1-3/4 10.0 1
% VC(M)100-100-1 0.75 15.3 10 1-3/4 14.4 1
9 HC(T)300-250-1 0.75 20.9 16 2-5/8 15.0 1
g HC(S)300-250-1 0.75 13.3 12 1-3/4 19,1 2
VC(M)300-250-1 .75 33.75 16 2-1/2 13.3 1
HC(T)300-100-1 0.75 19, 4 12 2 22.5 2
HC(S)300-100-1 0.75 5.6 11 1-1/2 18.1 2
VC(M)300-100-1 0.75 15, 4 12 2 28.1 3
X RE(S)25-250-1 0.175 13.9 12 1-3/4 2.5
£ RE(S)25-250-2&3 1.0 5.2 8-1/8 1-5/8 4.0
A RE(S)25-100-1 0.75 1.5 12 1-3/4 3.0
0 RE(S)25-100-2&3 1.0 5.5 7-1/2 1-5/8 5.0
3 RE(S)25-10-1 0.75 2. 85 6 7/8 6.1
(V) RE(S5)25-10-2&3 1.0 0.2 2-3/4 1/4 5.0
2l HC(S)100-250-2&3 1.0 15.6 15 2 6.6 8
2|8 HG(S)100-100-2&3 1.0 18.0 15 c 5.0
S| HC(S)300-250-2&3 1.0 6.8 24-1/2  2-3/8 6.0
o> HC(8)300-100-2&3 1.0 6.0 25-1/2 2-3/8 6.0
n
& » % HC(8)300-250-2&3 1.0
i 2 E HC(S)300-100-263 1.0
§om
N
b
£43

% For pendulum mouats the horizontal frequency is that associated with
the horizontal frequency is that which would occur if rocking were prev




Table 7-20 Spring Properties

Uncoupled Uncoupled

Static l.oad Mean Wire No. of Total Solid Free Vertical Horizontal
per Spring Diameter Diameter Active No. of Height Height No. of Frequency Frequency
(kips. ) (in. ) (in.) Coils Coils (in.) (in.) Springs (cps. ) {cps. )*
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horizontal frequency is that associated with pendulum motion. For base mounts
s that which would occur if rocking were prevented. Table 720
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ble 7-20 Spring Properiies

Uncoupled Uncoupled

No. of Total Solid Free Vertical Horizontal Bar Cross Bar
Active No. oi Height Height No. of Frequency Frequency Coupled Frequency Section Length
Coils Coils (in.) (in.) Springs (cps.) (cps. )* {cps. ) in x in. (in.)
14.6 16.6 41.5 90.5 8 1.00 0. 27
11.3 13.3 23,2 42.5 16 1. 00 0. 56
11,2 13.2 26.4 45.7 14 1. 00 0.35
10.8 12.8 25.6 44.8 4 1. 00 0. 37
9.4 il. 4 22.8 42.1 8 1.00 0. 18
11.3 13.3 26.6 72.6 6 1. 00 0.27
6.6 8.6 17.2  32.7 8§ 1. 00 0. 56
6.6 8.6 17.2  32.7 8 1,00 0. 37
10.0 12.0 21.0 41.5 4 1.00 0. 37
14. 4 16.4 28.7 47.9 8 1. 00 0.22
15.0 17.0 39.4 77.8 8 0.72 0.27
19.1 21,1 37.0 75.4 16 0.72 0. 56
13.3 15.3 38.2 176.5 8 0.72 0.17
22.5 24.5 45.0 83.4 6 0.72 0.27
18.1 20.1 30.2 68,6 12 0.72 0. 56
28.1 30.1 60.2 98.6 8 0.72 0. 22
2.5 4.5 7.9 13.2 20 2.23 2.54 2.18 7.1
4.0 5.7 8.5 12.0 10 3.00 3.1 2.5 7.1
3.0 5.0 8.8 14.0 12 2,20 2.51 2.02 5.84
5.0 6.7 10.1 13.3 6 2.80 2.5 2.1 6.2
6.1 8.1 7.1 12. 4 4 2,20 1.77 .98 2.93
5.0 6.7 1.6 4.0 4 2,86 3.0 -- -
6.6 8.5 17.1 36,0 6 1.18 0.47 .70 2,41
6.0 3.0 16.1 34.7 4 1.18 0.79 .66 2,40
6.0 7.7 17.1 51,0 8 n, 83 -~ -- -
6.0 7.7 17.4 51.0 6 0.83 -
8 .96 0. 63 2.1 62l 80
8 1.03 Y 0.ey 2,30 5x1 80
ciated with pendulum motion. For base mounts
Table 7-20

ng were prever.ted.
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desired, the latter system could be designed to protect person-
nel merely by the addition of horizontal svrings and more flex-
ible vertical spring systems.

b. Cushioniniand Other Protective Devices

In the design of the structures for personnel pro-
tection levels two and three, protective cushioning material is
utilized on the floors, the interior concrete walls and/or ex-
terior walls, the corners of concretc partitions and those por-
tions of the interior furnishings which may form a hazard.

For protection level two, the one-inch thickness of the
cushioning on the floor was predetermined by the impact veloc-
ity sustained by the head due to people falling over (Chapter
VI). The cushioning on both the interior surface of the inter-
ior and exterior walls is also p.ovided for people falling over,
Furthermore, the cushioning on the exterior wal! protects per-
sonnel from the effects of the pressure wave, which is trans-
mitted through the walls. in addition to the velocity effects of
the walls resulting from the overall and local motions of the
structure shell. It was assumed in the designs that falling
over against the exterior walls would not occur simultaneously
with the other dangers exhibited by these walls and, therefore,
cumulative thicknesses of cushioning would not be required.

It can be seen from the above discussion that the predominating
factor in determining the thickness of the cushioning. in those
structures (designed for protection level two) is the falling over
effects; therefore the cushioning thicknets is independent of the
overpressure levels, This led to the use >f a uniform thick-
ness of the cushioning for the design of those structures \.' .h
personnel protection level of two.

Like protection level two, those structures designed
for personnel protection level three are, ovided with cush-
ioning cn the interior surfaces of the exterior walls. This
cushioning is included for the purpose of protecting the inhabi-
tants close to the walls from the pressure and velocity effects
associated with the exterior walls--and not for the purpose of
cushioning falls. Therefore, the padding thickness will be a
function of magnitudes of the pressure wave passing through
the walls aud of the wall motions which in turn are a function
of the overpressure level. This means that the required
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thickness of the cushioning will vary with the magnitude of

the bverpressure level. In this study, this variation of the
thickness of cushioning is not considered but would be included
in a definitive design. Since the injury potential due to a given
impact velocity is considerably greater for corners and edges
than for flat surfaces (Chapter III and Chapier VI), cushioning
is provided on the former surfaces. The cost ot providing
cushioning for corners is negligible in comparison e the cost
of the remainder of the shelter.

The utilization of protective cushioning in a shelter gen-
erally will require the use of a certain number of bracing ds-
vices to provide the desired protection. As in the case of
bunks, straps (as located in Figure 7-25) should be used above
the first tier to prevent falling out. In most cases, falling
out of the first tier is probably no worse than fall'ng from a
standing or sitting position. In the case of the top tier
(Figure 7.25), straps would have to be connected to ceiling or
an alternate restraining device (seat belts, etc.) would be re~
quired. Besides providing safety straps and/or restraining
devices for bunks, the cushioning of metal sections of the
bunks with which the occupant's head may come in contact or
may be a source ¢f danger to persons standing by, should be
provided. Padded steel helmets to protect the occupant's head
may be substituted for the cushivning on the bunks proper.
Other means by which padding can be reduced or eliminated
altogether on bunks or other furniture is by the use of hand-
holes. The handholes can be an integral part or independent
of the furniture (see Figure 7-26).

The use of protective cushioning along with the other
bracing devices mentioned cbove may be supplemented and/c -
substituted by the use of protective clothing (Chapter VI).

The cost of the supplementary bracing devices or of the pro-
tective clothing Las not been included in thia report.
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c. Shock Isolation of Equipment and Miscellaneous
Items

The equipment for which shock tolerances are un-
known (generators, pumps, electrical equipment) has been as-
sumed to be located on shock-isolated platforms with the shel-
ters. The isolation systems are so designed as tc attenuate
the shock input environment below that specified in category
one of Section 4-3.

On the other hand, the equipment for which tolerances
are known (category two, Section 4-3) and are greater than
that of the shock environment, has been attached directly to
the shell, i.e., iu the case of fluorescent light, both the fix-
tures and lamps can sustain at least a 20 g. -shock load and,
therefore, are suspended from the shells of shelters designed
for prutection levels two and three. Portions of some of the
cquipmunt which is not shock isolated must be reinforced to
develop its full shock capacity. As in the case of the fluor-
escent lights, the off-the-shelf connections of the fixtures to
the shell would probably have to be strengthened to develop
the 20 g. -dynamic load capacity of the lights themselves.

In those structurcs designed shock tolerance twu and
three, the furniture will Lave to be reinforced to sustain the
dynamic loads. The bunks (F gure 7-25) and benches (Figure
7-26) will usually require diagonal bracing to resist the hori-
zontal motions of structures in addition W having a rclatively
wide base to resist overturning. By connecting together sev-
eral adjacent bunks or benches, the required width usually can
be produced. These connections must be capabie of tra. +fer-
ring applied loads. When two benches or chairs are plaved
back to back, sulficient space should be allowed to prevent the
heads of the people in the adjacent benches from colliding, As
mentioned in Section 6-5, arm rests se - rating every three
or four people should be provided on the benches. Seat belts
will prevent people fruin falling off,

Figure 7-26 illustrates a typical seating arrangement

in a shelter and the probable movement of the occupants due o
the ground shock.
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CHAPTER VIII

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

8-1 Summa_rl

8-1.1 Shock Environment

Ground shock caused by the air-blast wave (air-induced
shock) is of prime importance for the overpressure levels in-
volved in this study, since® the peak intensity of the waves trans-
mitted directly into the ground {direct-transmitted shock) de-
creases much more rapidly than that resulting from the air-
indueed cffect.

Free-field ground inotions are characterized by (1) a
low-frequency. downward displacement pulse which reaches a
maximum value near the end of the positive phase of the air-
blast wave and then rebounds and damps out quickly: ard Ly (2)
a high-frequency acceleration which attains a peak value in
the extremely early stages of the motion. In some cases
(lower overpressure levels), the initial motion rmay be upward
but of less magnitude than the suhsequent downward movements.
In addition, there is horizontal motion of a similar nature.

The characteristics of the structure motions are similar
to those of the free field except that the peak intensity of ac-
celeration is of lower value.

For design purposes, it is convenient to express the
ground shock environment in terms of response spectra. Peak,
free-field, air-induced ground motions can be calculated as a
function of weapon yield, blast overpressure level, and site
conditions; and from these peak ground motions. the free-
{iald ground shock spectra are calculated

Design spectra, for a buried structure, are determined
by selecting frec-field spectra at such a depth below the ruui
of the structure as to be equivalent to the design spectra. De-
sign spectra can be oblained in this manner because the rapid
attenuation of the freesfiald acceleration with depth can be
utilized to av.count for the lower structure acceleration
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compared to that of the free field. The free-fieid displace-

ments and velocities attenuate gradually with depth and, there-

fore, proper structure values for these components, which

should be in order of magnitude of thosec of the free field, are .
obtained.

8-1.2 3hock Tolerances

In a structure subtjected to ground shock, vibration
produces the predominant effect for persons located on a
shock-isulated platform. For persons located on a floor slab
which is integral with the structure shell, the predominant
effect is due to impact. Shock tests conceived specifically
for this ground shock e.vironment have not been performed.
However, based on tests and studies of human and animal re-
sponse to vibration and impact associated with .ther types of
shock environments, it id possible to prepare estimates of
tolerances for the ground shock environment although a de-
gree cf uncertainty will subsist with such estimates until ap-
propriate tests have been conducted. The basic personnel
shock-tuvlerance values are:

Vibration of Non-Restrained Personnel - Peak Accel-
erations: 0.75g. Vertical and 0.50 g. Horisontal

Vibration of Restrained Personnal - Peak Accelera-.
tions: 2.0 g. Vertical and Horiazontal.

Iimpact Against Hard, Flat Surfaces - Peak Impact
Velocity: 10 ft. /sec.

Based on thess tulerance values, persvune] design
criteria established for this study consists of three perscnnel-
protection levels. The tiret protection level affords the most
reliable proteciion of the three levels and *~quires a shock-
isolated iaterior platform to reduce the high accelerations
of the structure to toierable values. The second and third
protection levels require the use of protective cushioning ma-
terials, in lieu of shock-isolated platiorms, to protect
against injuries which may be caused by (1) impact at vel.
ocities above 10 ft. /eec., (2) impact with corners and edges,
and (3) compression waves transmitted through exterior walls
The second protection level provides for cushioning materials
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on all irnpact surfaces within the shelter, and the third pro-
tection level is based on the use of a limited amount of cush-
ioning materials. Protective clothing and bracing devices could
be used as an alternate or as a supplement to cushioning ma-
terials.

Impact may result from the relative motion of the per-
sonnel with respect to the structure and from being thrown
off balance. Impact velocities due to personne! being thrown
off balance would probably not exceed 17 ft. /sec.

The relative motion of the personne! with respect to
the structure {loor can be estimated by comparing the struc-
ture displacement versus time with the personnel free-fall
displacement due to gravity. An approximate (synthesized)
displacement-varsus-time curve can be computed from spec-
tra curves.

AMechanical and electrical equipment are generally at-
tached to their support and are. therefore. subjected to a
vibratory motion. Shock tolerances for equipment vary con-
siderably for the wide range of available items. Maximum
tolerable acceleration values for rugged itemns asc greater than
20 g.. whereas tolerances for {ragile equipment are as low as
1 to 23 Only select items of equipment have been tested.
Nevertheless, in many cases. safe tolerances are known
based on the shock environment associated with the shipment
of equipment on railroad cars and trucks and on ioads sus-
tained during normal operation of the equipment. These
values are:

Mechanical and Electrical Equipment: ! g, or lege
Elcctronic Eguipment: 1 5g or‘oss

To avoid amplifications due to resonance with the com-
ponents of equipment items, the frequenrv of the isolated
system should be less than 10 ¢c.p o

Equipment tolerance criteria for this study consists of
two categories. Category one considers the use of non-shock«
tested equipment and utilizes the above tolerance values. Cay-
vgory two considers the use of shock -tested equipment, in
which case actual maximum tulerance values would be utili .ed
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in design.
Miscellaneous interior components, such as furniture,
partitions, ductwork, etc , require individual evaluation to de-

termine the required strength, anchorage, and flexibility.

8-1. 3 Shack Isolation Techniques

In shelters designed for ground shock. protection may
be achieved by providing shock isolation systems which sep-
arate the occupants and/or equipmenrt from direct contact with
the structure shell. These aystems consist of (1) shock-isn-
lated platforms and (2) cushioning materiala and wther protec-
tive devices  Their use is dependent upon the desirsd reliability
uf protection. the functional requirements, and the cast o
persunnel protection level one, both the prrsonnel and the
ecquipment are supported on the same shock-isola.2d platform;
for protection levels two and three, the equipment is usually
shuck-isolated by platiorms and cushioning iy used f{or protect-
ing the personnel.

Shock isolation of platforms can be accomplished in one
of o ways, (1) use of pendulum spring supports, or (2) bamm-
mounted spring supporte For relative displacements up to ap-
proximately 24 inches. both the pendulum and the base-mounted
systems uliliae helical compreossion springs although beam and
solute springs can be utilized at srealler displacerments

The pendulum system consists of a series of rods. bear-
ing plates. and springs having its uppv* end suspended from the
uppér portion {roof or walls) of the shelter while the lower wnd
of the pendulum is attached to the platform  Usually this ty, -
of suspensiun system is detigned for a dynamic response. to
the sh.zk input.of one g or less

The base. .nounted suppurt system is = pported by the
base of the sheller Here. the platform is mounted on the
springs which in turn are supported an the foundation slab  This
system can he designed for dynamic ressonse values greater
than one g although the most ecanomical design for the sys.
term as a unit is for a dynamic response equal to or less than
ahe g



Other than shock-isclated platforms, protective meas-
ures for personnel consist of the use of (1) protective cushion-
:ng materials, (2) protective clothing, (3) restraining de-
vices, and (4) bracing devices. These devices can all pro-
vide a degree of protection against injuries caused by impact
loads.  Maoreover, they can be used in combination in a par-
ticular shelter.

Frotective cushioning materials placed on the interior
surtaces of the shelter offer the important advantage of pro-
viding protection without relying on personnel to perform any
precautionasr; task.  Several types of cushioning materials
arc available which can provide adequate protection against
impact injuries,  Of the materials investigated, Ensolite 22266
ftrads name of U S, Rubber Company) nrovides the hest pratec-
tien per tnch ol thickness.  One inch .f Ensolite 22260 will
prutect the head at impact velocities up to 17T ft. ‘sec.

Fifective utilization of protective clothing thelmets,
nadding. shoes. etc. ) requires an element of control su as-
suring that the clothing will fit and will be worn during the
emergency since such clothing may be cumbersume ernd un-
comiortable if prolonged use is required. An advantage in
usirg protective clothing is that the dual-putpose function uf
the shelter arca during non-emergency periods would not be

affected.  The single most important item of protective claths - -

ing is the helmet

With advanced planning and proper supervision of the
personnel, restraining de“ices {lap belts and shauider straps.
ele. ) can provide protection sgainst injuries resulting {rom
impact. Brucing devices (handholds and protective raii- .:s)
¢rn be used to provide supplrmentary protection in tonunc.
tiva with one or more of the other metheds.

4-1. 4 Design Studies

The design studier inzluded design layouts, illustra.
t:ons of typical methods used o7 providing protectivn fram
slruchire molions buth for personnel and equipment. and cost
estimates of those portions of the structures which affect, «¢
are alfectod by, the method =i shock isolation The de.
signs were prepared {or pressure levels of 20, 10D, and
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300 p.s.i. {produced by a 20-MT weapon) for pupulations of
10, 100, and 250 persons; and for various types of structures
and foundations. This study included buildings with one or
more stories. In all cases, they were assumed to be shallow
buried. Three personnel protection levels along with both
categories of the equipment design criteria were included in
the designs.

The shock environment has been established in accord-
ance with the procedures previously mentioned and has been
developed for assumed site conditions. The selection of the
site characteristics (layer thicknesses, seismic velocity) was
such as to represent a typical site. With the use of assumed
site condilions, free-field ground-shock spectra were com-
puted for 10-, 20-, and 30-ft. depths below the ground surface.
For determining the response of the interior partions (shock
isolation system) of the structures, the free-fivld ground mo-
tions at the 10- ft. and 30-ft. depth have been assumed to be
equal to the motions of the low silhouette (one-and two-story
shelters) and taller buildings, respectively.

The desigu concepts included thirty-five schemes, of
which nine structures were designed for the 25-p. 8.i. over-
pressure level while sixteen and ten structures were designed
for the 100- and 300-p. 8.i. pressure levels, respectively.
The schemes for the 25-p. 8.i. overpressure range were lim-
ited to rectangular-type shelters whereas for the higher pres-
sure levels several different structural arrangements, in-
cluding horizontal and vertical cylinders and arches, were in-
vestigated for feasibility of construction. In the latter case.
the horizontal cylinder was found to be the most practical con-
figuration both economically and functionally. Pe:rsonnel »rs-
tection levels |, 2, and 3 were considered for all thiee ove. -
pressure levels as were the two design categories for the
equipment. All three population capacities {10, 100, 250)
were included in the designs of the atructur=e at the 25-p. s. i,
overpressure range but only the 100~ and 250-person popula-
tions were considered for the two higher pressure levels.

In those structures designed v personnel protection
level one, both the personnel And the equipment were assumed
to be shock isolated on the same platform while in the shel-
ters designed for protection levels two and three, only the
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equipment was mounted on the isolated platforms. Except for
the shelters located at the 25-p. s.i. pressure level, the shock-
isolated platforms in the structures designed for personnel
protection level one were supported by pendulum-type com-
pression springs while in the former structures and in these
shelters where the equipment has been shock isolated by

itself, base-mounted support systems were used for the plat-
forms. When protecting personnel, the isolated platforms
were designed for a dynamic response to the vertical accel-
erations of the structure equal to 0.75g.; and 1.0 g. was
used when only the equipment was being protected. The se-
lected response valucs were equal to or less than the toler-
ances specified in the design criteria in addition to being the
most economical arrangement. The use of a 0. 75 g. Jesign
value therefore eliminated the need of restraining the persocnnel.

In the degign of those structures for pe ‘sonnel protec-
tion levels two and three, protective cushioning material
was utilized on the floors, the interior cuncseic walls and/or
exterior walls., the corners of concrete partitions and those
portions of the interior furnishings which may form a hazard.
Protective cushioning was used on the floora, walls, and
corners of those shellers designed for protection level two
while for protection level three only the exterior walls and
corner s are cushioned. Because the impact velocity sus-
tained by the personnel due to the vertical motion of the
structure was less than iea It. /sec., the thickness {one inch)
of cushioning used in the shelters designcd {or protection
level two was based on the impact velocity sustained by the
head due to people failing over. Cushioning with the same
thickness was used in shelters designed for protection level
three.

In the design of the shell of the structures, the blast
load wae assumed to be applied to the exterior of the shelter
whoreas part.tions, intermediate finor a'~hg, and other intera
ior ltemas were designed for the structure respouse to the
ground motions. In the desig: of the rectangular structures
for the 25-p. 5. i. overpressure level. both monuiithic founda-
tions and individua) footings were used deponding upon the
persvnnel protection level being considered. For the higher
pressure levels where horizontal eylinders were utilived. a
thickened {monolithic) section of sholl was used fur the base
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slab in the personne! area of the shelters designed for protec-
tion levels two and three.

Because all of the volume of the horizcntal cylinders at
the 100- and 300-p. s.i. overpressure ranges could not be util-
ized if the usable floor area was on one level, multistory inner
structures were investigated to determine their efficiency in
comparison to the single-story structure. The use of a twostry
isolation system was found to provide the most economical ar-
rangement for the population considered and a protection level
equal to one. When a drgsign was performed for a similar struc-
ture for protection levels two and three, it was found that for
the spans required, the members could not be designed for the
high dynamic loads of the ground shock.

Based on the estimate of the costs of the shelters, the
relative costs (cost of each structure relative to a non-shock-
isolated structure) of the single-story shelters increased with
increasing protection. This was found to be primarily the re-
sult of the additional material required for the lower protection
levels. Unlike the single-slory structure, the relative cost of
the two-~gtory structure was found to be less than that of the
structures for protection levels two or three. [t was observed
in the cost investigations that the relative cost for a particular
pressure level, structural configuration. and protection level
was greater for the 100-person shelter than that for the 250-
ptrson shelter; while in the case of the 25-p. 6. 1. rectangular
structure, the relative cost for the 10-person shelter was less
than those for the 100~ and 250-person structures. The increas
of the relative cost of the 100-person shelter above that of the
250-person shelter was the resultl of the more predominant of-
fect than the cost of the shuck isclation system has on the tota!
cost i» the former shelier in comparison to that of the latter

For the rheltcr schemes considered in the design *tudes
the increase in cost of the shock-isolated structuras variec from
4 to 6% percent of that of the non=shock-isolated structures. The
ngn-shock-isolated wtructure cost was based on these items
which either afiect, or are affected by. the shock isolation
system, L. e . shell and earthwork




8-2 Conclusions

8-2.1 General Conclusions

The following conclusions pertain to shallow-buried
civil defense shelters at overpressure levels up to 300 p. s. i.
and for megaton surface bursts up to 20 MT.

1. Shock-isolation systems can be effectively and eco-~
nomically accomplished for the protection of personnel and
equipment against the effects of ground shock,

2. The free-field ground shock environment can be ade-
guately described, for design purposes, in terms of shock
spectra.

3. Design shock spectra can be conservatively deter -
mined from the free-ficld spectra. This conservatism, which
pertains to the high-frequency range of the spectra, usually will
not affect design results.

4. Shock tolerances for personnel, 8s established in
this study, can be designated effectively in terms of either vi-
bration or impact. Equipment shcck tolerances are designated
effectively in terms of vibration.

8, Shock=-isolated platforms are an efiective memns of
providing vibration protection for personnel and equipment,.

6. Effective supports for shock-isolated platforms for
vertical and horizontal motions can be achieved by utilizing
either (1) pendulum spring systems, or (2) base-moun. !
spring systems.

7. Pendulum rystems are usually more effective than
base-mcunted systems when multistory sk 'k isolation systems
are utilized.

8. For structure displacements up to approximately 24
inches, the use of helical springs is generally appropriate in
both the pendulum and the base-mounted aystems. Volute
springs can be used for displacements in the ovder of 6 inches
or leas while the upper bound of the displacement for heam
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springs is about 3 inches.

9. An optimum dynamic response value between 0. 5 and
one g. in the vertical direction will generally result in the most
econornical shock-isolated-platform.

10. Cushioning materials placed on the interior of the
shelter are an effective means of providing impact protection
for personnel.

11. One inch of cushioning material will usually be suf-
ficient to protect personnel from injuries resulting from impact.

12, Protective clothing and restraining and bracing de-
vices can be used to provide supplementary protection in con-

junction with, or as an alternate to, cushioning materials.

8-2.2 Specific Conclusions

In addition to the conclusions in Section 8-2. |, the follow-
ing conclusions pertain to shallow-buried personnel shelters for
the specific shelter populations (10, 100 and 250 persons), over-
pressure levels (25, 100, and 300 p. 5. i, for a 20-MT surface
burst), and site conditions {Section 7-4) considered in the design
studies,

l. Three personnel protection levels can be utilized
which afford varying degrees of protection reliability. On-the-
average safety is provided by all three protection levels.

2. Forthespans considered, interior structural floor slabs
without spring supports cannotbe efficiently designed for the o~ ia-
mic loadsassociated with the designated shock environment.

3. Theoptimum valueof the dynamic response in the verti-
cal direction for the design of the shock 4solate. platforms which
support both equipment and personnel, is approximately 0. 75 g.

4. The optimum value of the dyna.nic response in the
vertical direction for the design of the shock-isolated platformas
which support equipment only, is one g. Therefore, the use cf
non=-shock«tested equipmaent is practical except when the equip-
ment is attached to the structure shell,
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5. The increase in cost of the shock-isolated shelters -
varies between 4 and 65 percent of the cost of the corresponding
non-shock-isolated shelters.

6. The cost per person of the shock-isolated shelters
increases with decreasing population sizes:

7. . The cost of the two-stury horizontal cylinders (per-
sonnel protection level one) is less than that of the single-story
" structures (all protection levels) and the multistory vertical
cylinders.. '

8. In all cases, the increase in cost of the two-story
cylinder is equal to or less than 12 percent of the cost of the cor-
responding non-shock-isolated shelters,

9. The cost of the shock-isolation system varies be-

tween 5 and AR percent of that of the corresponding structure
shell.

8-3 Recommendations

Based on the results of this study, the following items
are recommended 1or further study and investigation. These
items pertain to tests on personnel subjected to simulated ground
shack motions,

1. To substautiate the recommended personnel vibration
tolerances, additional vibraticn testing chould be :onducted for
durations in the order of magnitude of that expected during
ground shock up to the durations for which test data is avas'.ahle.

a. These tests should be conducted for standing. sitting,
ani reclined personnel and for personne! restrained
and non-restrained.

Tests should be performed for combined vertical,
horizontal, and rocking vibrations.

2. Testing to ohiain additional information concerning
the horizontal acceleration required to cause personnel to fall
over, considering standing and sitting positions and relative di.
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rections of acceleration. The effect of simultaneous vertical .
accelerations should also be considered. Tests should include

estimates of body impact velocities for the various conditions \
considered, .

3. Testing similar to Item 2 for personnel strapped to
seats rigidly attached to the floor slab, including study of vari-
ous types of seats, head supports, and harnesses to provide the
most effective protection.
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APPENDIX A

REVIEW OF THE STATE OF THE ART

SECTION A-]

INTRODUCTION

Appendix A contains discussions, evaluations, and
summaries of publications and data reviewed in order to es-
tablish the state of the art in the protective construction field
pertinent to this study of shock isolation methods for hardened
civil defense shelters. The review was organized in six gen-
cral categories presented in the following sections:

A-2 Free-Field Ground Motions and Free-Field
Ground Shock Spectra.

A-3 Structure Response and Spectra for Structures.
A-4 Shock Tolerances for Personnel.

A-5 Shock Tolerances for Equipment and Other Interior
Components. .

A-6 Shock Testing Facilities and Current Techniques
Used for Shock Testing.

A-7 Current Techniques Used for Shock Isolation Sys-
tems.

Available publications obtained through general re-
search, the Defense Documentation Center, and from other
agencies in response to our inquiries and requests for informa-
tion were reviewed. Information was al . obtained at meet-
ings with various organizationa,

Under each category a discussion and an evaluation af
pertinent information obtained through the review are pre-
sented with publications, minutes of meetings, and other
sources of information rcierenced. Following the discussion
and evaluation for each category are suminaries of pertinen:
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information obtained from the referenced publications. Itis
emphasized that these summaries contain only those data and
that information which are particularly applicable to the pre-
seat study and snould not, therefore, be construed as being
representative of integral abstracts of the references in-
volved. A list of these references is presented at the end of
this appendix. Minutes of meetings held with other organiza-
tions are presented in Appendix B.
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SECTION A-2

FREE-FIELD GROUND’MCTIONS AND
FREE-FIELD GROUND SHOCK SPECTRA

A-2.1 Discussion and Evaluation

For the development of free-field ground shock spectra
a review of various publications was unnecessary since Refer-
ence A.1 was specified as the reference source for determining
free-field spectra. The procedure presented in Reference A.1l
is considered the most curvent available for predicting free-
field ground motions and spectra (Sections B-3 and B-6).
Free-field ground shock spectra are described in Chapter II.

However, since the computed spectra re.ates only dir-
ectly to peak free-field ground motions and peak responses of
simple elastic systems to the spectra motions, it ia necessary
to consider alao the nature of the time-history characteristics
associated with the ground motion. These characteristics are
useful in obtaining a better evaluation and understanding of the
effects of ground shock an personnel and equipment not at-
tached to the structure ov not completely elastic.

Field measuroments of ground shock have been re-
corded during nuclear weapon testa. However, this data can
be used only as a guide when estimating ground motions inas-
much as the scope of the test data was limited to particular
weapon sizes and overpressure ranges, «nd to site conditions
which arc not neceasarily typical. In some cases inconsis-
tencies were apparent, thereby arousing uncertainties ¢.»
cerning the reliability of the data. In addilivn, proper scai-
ing relationships for sites and blast environnents different
from the test conditions are alse unceriain. Mevertheless,
for the purpose of investigating the time-t' tory characteris-
tics associated with ground shock metions, part test dita are
useful. Figures A-1 to A=) show typical free-field vertical
aceeleration, velocity, and displaceinent versus time records
for various depths beiow the ground surface as recorded at the
Nevada Test Site for 2 40-KT. weapon yield at 229 p.».i.
peak overpressure (Reference A.2). These data were re-
corded at a ground range where the air -blast wave arrived
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prior to the ground wave, at the various depths. ‘The acceler- -
ation data were recorded in the field, whereas the velocity and

displacemnent curves were obtained by integration of the accel-

eration curves.

It is seen in Figure A-] that the acceleration-time
curves are characteriaed by a single, sharp, downward peak
(pulse duration of approximately 10 msec.) preceded and fol-
lowed by lower amplitude disturbances which become less pro-
nounced with depth because of modification of the wave during
its travel through the earth. The surface air-blast arrival
timc is designated by the vertical line labeled AB, and the
arrival time of the motion is indicated. In this case, the
early mincr disturbauces correspond to the precursor, and
the peak acceleration is produced by the larger main peak of
the air blast. The time of onset of motion at the surface is
the same as the blast arrival time, and the delay time with
respect 10 AB at various depths is the time required {or the
predsure wave tc travei from the surface. The accelerations
following the peak pulse are associited with the pressure de-
cay, elastic. rebound of the soil, and the arrival of ground
waves [rowy sources closer to ground zero. As shown in Fig-
ure A-1, a rapid attenuation of the peak surface acceleration
and decrease of frequency- with depth occurred both of which
© are typical of frve-field accohnhono in both the vertical and

horizontal dincthnm .

For the higher weapon yield (20 MT.) considered in
this study, the general characteristics of the acceleration
curve would be similar 10 the 1ecords plotted in Figure A-)
except that the sharp peak would be followed by disturbances
* of longer duration due @ the louger positive phase duration
of the ~ir bast. : . 3

The peak value of the expected ground acceleration
corresponda to tae peak high frequency acce <ration response
of the free-ficld ground sheck specira. The occurrence of
early distarbancey depends on whether a proeursor forms and
whether the blast wave velocity is superseismic or sudb-
seismic, At the 100:p.s.i. ground range. the blast wave
veloeity ‘would be superseismic for a typical soil site, and
the air-blast wave would arrive prior 1o any ground waves at
" the shallow depths being considered. At the 100-p.s.1. ground
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range, the blast wave velocity would vary from superseismic
to transeismic, depending on the particular soil site, with
the air-blast wave arriving prior to the ground wave or per-
haps at about the same time. At the 25-p.s.i. ground range,
the blast wave velocity would be subseismic for a typical soil
site, and the ground waves will arrive prior to the air-blast
wave. The early-arriving ground wave motions may cause an
initial upward acceleration; however, it is expected that these
early disturbances will be of minor magnitude compared to the
amplitudes associated with the main air-blast shock.

For lower overpressures, the upward peak accelera-
tion following the sharp downward peak tends to increase
with respect to the downward pecak (Reference A.2) so that at
the 100-p.s.i. ground range the ratio of peak downward to up-
ward acceleration would be lower than that at 300 p.s.i. and
lower still at 25 p, 8.1, In fact, at 25 p.s.i. it may be ex-
pected that the upward peak would be equal to the downward
peak. The accelerations occurring prior to, and following,
the sharp downward peak and first upward peak dcpend on the
ground wave contribution at the particular site aid on the pre-
<ursor effects. These can combine to cause a random-type
motion of various frequencies. The wave form preceding
and following the pronounced peak is a random motion con-
sisting of many relatively high frequencies tending to decay
as the air-blast wave decays. The ground wave contributions
from points closer to ground zero tend to extend the duration
of the disturbance since they may arrive after the duration of
the positive phase duration of the air blast (Reference A.2).

A better understanding of this yround motion over its entire
duration can be obtained from study of the ground velncity
and displacement wave forms.

Velocity«time curves, obtained from a numerical in-
tegration of the rcceleration-time curves, are plotted in Fig-
ure A-2. The shapes of the velocity curves i..e similar to
that of the air predsure. The rebound of the velocity results
in a peak upward velocity which is cxpected to be much
smaller than the downward velocity (Reference A.2), although
the rebound portion of the plotted curves is not complete or
reliable, As may be anticipated, attenuation of the velocity
with depth is considerably less than that of acceleration
since the duration of the acceleration pulse increases with
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depth.

Displacement-time curves, obtained {rum a double inte-
gration of the acceleration records, are plotted in Figure A-3.
It is seen that the wave forms exhibit a gradual time of rise to
the peak value which occurs approximately at the end of the
positive phase of the.air pressure; howeveir, for other site con-
ditions the peak displacement value may occur at an earlier
time. Actually, a near-peak value occurs considerably before
the end of the positive phase inasrmuch as most of the impulse is
expended in the early portion of the air-blast wave because of
the rapid decay. These displacement curves obtained by inte-
gration of the acceleration records are not reliable beyond the
peak displaceinent value. Other data of direct displacement
measurements (References A.3, A.4) indicate that after the
peak downward displacemen:, the displacement rebnunds he-
cause of elastic action and quickly damps out, resulting in a
residual permanent displacement due to plastic action. The
peak value of the anticipated ground displacement corresponds
to the peak low-frequency displacement response of the free-
field ground shock spectra.

It is seen that the displacement snd velocity ground mo-
tions are characterized by a predominant single downward pulse
followed by an upward pulse of lesser amplitude and then by a
quick damping out of the motion. In the case of the displace-
ment, the rebound may recover only a portion of the peak
downward motion and not result in any net upward value. The
duration of the downward volocity pulsc is in the order of the

positive phase duration, and the duration of the corrupondhg
downward displacement pulse would be in the order of twice the

positive phase duration. As previously shown, the accelus: - .
tion .;ave form is characterized by a single, sharp downward 3
peak followed by an upward peak and then by a high-frequency

random-type acceleration of lower amplitude. The sharp

downward acceleration pulse results in the , cak ground vel-

ocity, and tho subsequent accelerations correspond to the decay

and rebound of the velocity pulse which, of course, signifies

that the net area under the acceleration-time curva, following

the downward pulse, is in the upward divection. The acceler-

ation curves indicate that these upward values of acceleration

which would be associated with the rebound are very small

compared to the downward peak amplitude, although data at the
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later times may not be as reliable,

Generally, the horizontal free-field ground motions
have characteristics similar to those of the vertical motions in
which cacc the initial peak pulse is outward from ground zero
and is followed by a rebound in the opposite direction.

A-2.2 Summaries of Information
Obtained from References

a., Summary of Reference A, 1

This guide has been used as the approved reference
source in the development of {ree-field ground shock specira
for this study. The guide presents equations for determining
peak free-field ground motions. These peak motions are used
to develop the correaponding free-field ground shock spectra
as described in the guide. In this procedure, only the peak
ground motions are evaluated without consideration of the
time=history of the motion. Appendix C preasents a summary of
the squations for calculating fres-field ground motions.

b, Summary of Reforence A. 2

This report presents results of test measurements of
ground accelerations, stress, and strain recorded during
Shot Priscilla (approximately 40 KT.) of Operation Plumbbob
at the Nevada Test Site. Measurements were recorded at
peak overpresasures ranging from 59 to 554 p.e.l. Ground
acceleration versus time motions were recorded at the sur-
face and at various depths below the surface down to 50 fest.
Velocisyy versus time, and displacement versus time ground
motions wers determined by integration of the measured ac-
celeration=time curves.

The soil at the test site is alluvial, Stratified and
fissured silty=clay and clayey-silt exist at least down to 50
feet, and probably down to 200 fcet. Baolow 200 [cet lics the
original lake bad and the soil becomes u sand-gravel aggre-
gate. Badrock exists below the 650-ft, depth. The following
seismic velocities were recorded.
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De‘gth (ft) . Velocity (ft/sec)

0to 10 . 1,200
10 to 175 . 2,600
175t0-650 ~© - 3,600
Below 450 © 10, 000

c. Summary of Reference A.3 ‘

This report presents results of test measurements of
ground accelerations and displacements recorded during Shot
Priscilla (approximately 40 KT.) of Operation Plumbbob at
the Nevada Test Site. These measurements were recorded
during the same test and at the same site as Project 1.4 (See
Reference A.2). Measurements were recorded at peak over-
pressures ranging fromn 59 to 270 p.s.i. Ground acceleration
versus time, and displacement versus timc motions were re-
corded at the surface and various depths down to 100 feet.
Velocity versus time, and displacement versus time were also
determined by integration of the measured acceleration-time
curves.

Soil conditions are the same as those given in the
summary of Reference A.2,

d. Summary of Reference A.4

This report analyses results of test measurements of
ground accelerations and displacements rer ~rded during sev-
aral shots of the Operation Hardtack series at the Eniwetok
Proving Ground. These tests were conducted to extend the
knowledge of ground motion to different yields, higher ove.-
prea.ure regions, and to different soil types.
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SECTION A-3

STRUCTURE RESPONSE AND
SPECTRA FOR STRUCTURES

A-3.1 Discussion and Evalua‘tion

a. General

‘Underground structures experience motions which are
a function of the free-field motions of the surrounding soil, the
blast pressures applied directly to the structure, and the in-
teraction between the soil and the structure. It is important
to note that free-field ground motions and free-field ground
shock spectra are computed on the assumption that there is
no structure or other large discontinuity of mass and stiffness
present within the soil in the area of interest. The motion
ol a structure placed in the scoil, compared to the free-field
ground motions, would depend on the dirnensions and mass of
the structure. Generally, a small light structure would tend
to move with the surrounding soil in accordance with free-
field motions, whereas the motions of a larger structure
would not be the same as the free-field motions.

Theoretically, in order to determine the motions of an
underground structure, it is necessary to evaluate the inter-
action of the structure and surrounding soil during the trans-
ient ground shock motions. The phenomena associated with
these interaction effects are extremely complex and difficult
to analyze, and it is necessary that simplified conditions be
assumed to obtain even an approximate solution. In ad.'
tion. the many problems encountered in the analyais of
structures subjected to ground shock are further complicated
by the uncertainties associated with the prediction of free-
field ground motions and corrcsponding sh. .2 spectra.

In view of the uncertainties involved and by reason of
the fact that this study considers typical site conditions and
general structure configurations rather than a specific in-
stallation, a complicated solution cvaluating the structure in-
teraction is not justified. However, appropriate spectra for
the structures considered will be established on the basis of
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current concepts represernting the available knowledge in this ' -
field. The most convenient criteria would be postulated in

terms of a modification of the free-field ground shock spectra '
in order to establish spectra for the structures placed in the ’
free-field environment.

It is generally felt that spectra measured within a struc-
ture would have lower values at vertain frequencies than the
free-field shock spectra. Reference A.5 mentions that the de-
sign (structure) spectra would be less than the input ({ree-
field) due to damping. However, reduction of the free-field
spectra to determine the structure spectra does not necessar-
ily mean reduction at all frequencies. Except for an ex-
tremely long structure parallel to the direction of the blast
wave, the latter will completely engulf the structure and sur-
rounding soil. The loading, lasting several seconds, would
cause the structure to experience a peak displacement of the
same order of magnitude as the peak free-field displacement.
This means that the low-frequency portion of the structure
spectra would be similar to that of the free-field spectra.
However, it is reasonable to expect that the peak gross accel-
eration of the structure would be less than the peak ground ac-
celerstion because of the longer rise time of the loading ¢n the
structure. The reduction in the peak structure acceleration
corresponds to lower responses in the higher frequency range
of the structure spectra compared to that of the free-field
spectra. This pertains to the gross motion of the structure
when the structure is considered as a rigid body. Depending
on the flexibility of an actual structure, peak accelerations
of the roof slab may be higher than the rigid-body accelera-
tion if the rouf is near the ground surface. In addition, it
may be pnusible to transmit high-frequency ground azcelera-
tions Jirectly through the structure roof or walls although
these accelorations would also be reduced because of the
structure flexibi'ity and structure damping. This high-fre-
quency motion would only alfect systems rig.dly attached to
the structure and which do not have a large mass compared to
the structure shell.

Reference A.l states that an undersground structure
may be considered to move with the ground in accordance
with the free-{iold motions at or near its base and that, in
general, the structure is rigid enough so that all its parts
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have the same motions., However, itis also stated that the
response of a piece of equipment depends on the part of the
structure to which it is attached. This latter statement cor-
responds to the case where the structure flexibility need be
considered. Aithough the recommendations of Reference A. 1 do
not involve a direct attenuation or inodification of the free-field
motions, use of the free ficld at the base of the structure cor-
responds to a reduction in the high-frequency range of the
spectra compared to using a more shallow depth, such as the
top or mid-height of the structure. The peak ground accelera-
tion which determines the high-frequency range of the spectra
attenuates rapidly with depth, whereas the psak ground dis-
placement and velocity would not significantly change for small
differences in depth;, hence, the low-frequency portion of the
spectra would not vary from the top or mid-point to the base of
the structure depth. However, the attenuation with depth de-
pends on the soil variation with depih where a suarp change

in soil properties could effect a sharper attenuation of the

peak motions.

Shock spectra measurements wers recorded during nu-
clear tests in the free field and inside a shallow-=buried shelter
(Reference A. 6). Pertinent measurements are listed in the
Summary of Reference A. 6 (Section A-3.2c) for the shelter
and adjacent free field at 116 p.s.i. for a 40-K'T. weapon
yield. Although the weapon yield is in the low kiloton range,
comparison of free-field and structure shock spectra meas-
urements can serve as a basis for judgment for other protec-
tion levels. Horisontal spectra responses in the shelter were
approximately of the same order of magnitude as the free-field
horisontal values at the corresponding frequencies. The ver-
tical responses in the shelter were considerably iess than *ie
free-field values at corresponding frequencies. The frec-field
vertical values were 1.6 to 7 times the vertical shelter re-
sponses with the higher ratios in the frequency range from 40.
180 cps. This indicates greater attenuation .a the higher fre-
quencies sincc, as previously discussed, high accelerations
tend to bo attenuated by the structure. For frequencies above
200 c.p.s., attenuations were not as great as in the 40-180
c. p. 5. range which may be due lo 3pecial struclure charec-
teristics; perhaps the higher frequency motioas were trans-
mitted directly through the concrete shell. In any case, therc
is considerable attenuation in the high-frequeacy range. The
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attenuation in the higher frequency range is partially due to the
lower depth of the structure gauges. The ratio of vertical to
horizontal free-field responses varied from 1.3 to 5 with an
average of about 2. 9. Thus, since vertical and horizontal peak
accelerations are taken as being equal when predicting free- .
field shock spectra, a reduction of horizontal as well as vert-

ical surface values would be warranted on the basis of the re-

corded data.

b. Conclusions

Based on review of the data discussed above and sum-
marized in Section A-3,2, the following recommendations are
to be used ar a basis for establishing design shock spectra for
this study: the design spectra for short (less than 30 feet),
shallow=buried structures shall be the same as the free-field
spectra at depth approximately equal to the mid-h.ight of the
structure.

For establishiug design spectra for tall, shallow=buried
structures, it is advisable that the fres-field spectra ata
depth above the mid-height of the structure be used to properly
account for soil-structure interaction effects associated with
a tall structure.

A=3.2 Summaries ¢f lnformation
Obtained from References

a. Summary of Reference A, l,

This guide states that in a typical case (P.5-27) an
underground structure may be considered to move with the
ground in accordance with tlie free-field motions at or near the
base of the structure and that, in general, the structure is
rigid enough so that all parts of the structure have the same
motions. Howewvur, itis further stated that .' » response of &
plece of equipment depends on the part of the structure 0 .
which it is attached. This is probably a more rigorous ap-
proach where the structure cannot be assumed rigid.

This guide includes commaents on design 10 resist -
ground shock motions as summarised below (Page 5C-8):

“"Wheather the structure be a shailow box, arch, ora
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deep underground structure, the irput motions and the response
spectra corresponding thereto, for the f{ree-field nictions, are
used in the same way, and no distinction is made here be-
tween these structures'.

"The primary consideration given here is to the type
of interior structure which consists of a twoto=four-story
building frame supported independently of the roof covering, so
that the base motion to which the frame ie subjectsd corres-
ponds in many respects to earthquake base motions. Howaver,
many of the comments regarding design of equipment are par-
tinent to the sitwativn whese equipment is mounted directly on
a box structure without an independant interior {rame. "

Additional cuinunents are given regarding equipment
mounted in the structure sither directly on the bottom ficor or
on an interior structural element. Where mointed on the
floor the input base motion is used. For the second case the
input would be modified. Since this modification is rather com-
plicated, tentative recommendations are given for use until
further data are available (P, 5C-16). These comments per-
tain to the response of the interior structure and equipment as-
suming the base input is known which, in effect, does not con-
sider the structure-soil interaction.

It is further stated in this guide that 'the shock motion
of the foundation of the building is assumed to be known, cor-
responding to some relatively simple motion (possibly a single
sing curve of displacement) on which is superimposed a ran.
dom pattern of relatively higher accelcration pulses with only
a small amplitude of motion. The net effacts of the ground
motion are most readily described in tarms of A reiponse
spectrum".

Based o2 the recommendations in thia guide, the '
structure motion would correspond to the free-field spectra at
the base of the structure and, in general, the structure could
be taken as a rigid body. This specira would be applied dir.
ectly to systems attached directly to the structire. Where an
interior structure is used, the input at the base may be modi-
fied for the Laterior structure to determine the input $0 the
equipment mounted on the interior structural elemaats.
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b. Summary of Reference A, 5 .

This report, which pressats basic equations (similar
to> Reference A.l) for determining {ree-field spectra, contains .
no directly applicable data pertaining to the modification of
the free-field spectra to determine the spectra for the structure
except that it is stated that the design spectra would be lass
than the input spectra due to damping (Page 7-4).

c. Suminary of Reference A. 6

fhock spectra measurements were recorded during
Shot Smoky of Operation Plumbbob in the frec field and inside
an adjacent shelter at 11€ p. s.i. and approximately 40-KT.
weapon size. The peak displacement responses versus fre-
quency are listed below for comparison of the structure and
iree-ficld response spectra. The frec-field gauges were
placed one ft. below the ground, and the structure ganges ‘vers
placed on the ficor slab which was located at the 12-ft. dopth.

Vertica! Direction

Inside Structure Free Field
Gauge 6 Gauge 7 Gauge 8
flc.p. 8.) Diir. ) fle.p.o.) Dlin.) flc.p. s.) D(in. )
2.54 1.62 2.60 5. 4% 2.53 4.53
8.22 0. 906 8.56 1.52 8.82 1. 46
21.9 0.336 2.4 0. 845 2. 6 9. 525
37.0 0.0744 .4 0. 254 ni 0. 205
92.0 0.0167 91.0 0.1 93.0 0, 1M
138 0.0099 132 0.0673 137 0.v.50
185 0.0034 187 10,0221 180 0.0199
246 0.0051 238 0.0106 236 0.0122
280 0.007)9 280 0.0112 294 ~ 0.00%8%

1M ] 0.0038 33% 0.2066 >3 - 0.0066




Horizontal Direction

Inside Structure Frec Field
Gauge 5 Gauge 9
f(c. p.s.) Dlin.) f(c.p.s.) D{in.)
2.72 2.25 2.55 1.95
9. 37 0. 453 9.12 0.359
22.3 0.113 22.4 0.'189
36.9 0. 0451 33.9 0.131
95. 0 0.6185 93.9 0. 0227
138 0.0101 107 0.0149
184 0. 0099 181 0.0107
234 0.0041 203 0. 0042
285 0. 0022 293 0. 0055
296 0. 0031 357 0. 0027

It is seen by the above values that the horizentai re-
sponses in the shelter are approximately of the same order of
magnitude as the free-field horizsontal values at the correspond-
ing frequencises. This indicates that the structure, or atleast
the floor slab, tends to move with the soil in the horiaontal
direction. Since the floor slab is extremely rigid in its plane,
there is apparently little isolation of the induced motions
through the slab. However, the vertical responses in the
shelter were considerably less than the free-ficld values at
corresponding frequencies. The free-field vertical valucs
were 1. 6 to 7 times the vertical shelter responses with the
higher ratios in the middle frequency range (40 -180 ¢.p.s.).
This indicates greater attenuition in the higher frequencies
probably becauae the structure does not experience the same
accelerations due to the structure flexibility in the vertic.'
direstions and the effect of the buildup of the blast loading.

In addition, there is an attenuation due to the lower depth of
the structure gruges. It should be noted that the measurements
indicats lower attenuations for frequencies ..oove 200 c. p. s.
which ray be a result of special structure characteristice;
perhaps the structure transmits the high frequency ground mo-
tion direstly through the concrete shell.

The ratio of vertical to horisontal free-field responses
varies from 1.3 1o 3 with an average of ubout 2.9.
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The increased attenuation for structure gauges of the
vertical responses in the middle frequency range was also
observed during Operation !ardtack (Project 1.12). However,
attenuations also occured in the horizontal direction with in-
creasing attenuation as the frequency increased.
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SECTION A-4

SHOCK TOLERANCES FOR PERSONNEL

A-4.1 Discussion and Evaluation

a. ge_ne ral

Available literature on ghock and vibration tolerances
for hinlogical systems is reviewed and discussed relevant to the
eifects of ground shock on personnel in underground structures,
and conclusions are drawn which serve us a basis for the design
of shock isolation schemas.

For personnel housed in a nuclear protective structure,
the principal biological affects of p~ouns sheck riuwapase pair
or wnjurias that might accur as a consequence of the motiuns of
an underground shelter. Proper assessment nf this hasard re-
quires knowledge in at least two areas; namely. (a) informa-
tion councerning the motions of the structure as a function of the
site, weapon size, and overpressure lsvel, and (b) man's tol-
erance to the envircnament as a function of the motions since
these motions determine tho mmn of the "!u&diu” to wblch ht’ L
may be subjected. . ‘

The structure motions. which are¢ a function of the
"free-fleld" motions, are transient in nature and are chavact-
erised by (1} a low-frequency downward disp'acement which
reaches a maximum value generally near the end of the posi~
tive phase of the air-blast wave which then rebounds and dumps
out quickly, and (2) & high frequency random acceleration
which reachos & peak-vaine in the extreme eaily stages of tne
motion. In some cases, the initial motion may be upward but
of less magnitude than the following downward movements. In
‘addition, there » horluum motion of the s ucture of nlmihr
ehrunr. _

Although eact mqnimd« of tra shock pulees corres-
ponding to the struciure motions are nut necessary for sstim-
ating shock and vibration tolerances for persoanel housed _
within the structure, the sature of the motions and their dura-
tion are considered pertineat since tolerance has meaniag oaly
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in terms of a particular type of environmen. or exposure.

Because the motions in a ground shock environment are
transient in nature and could possibly result in imparting an
abrupt velocity change to the body, either in stopping or start-
ing, in addition to a shaking or vibrating of the body, itis ,
necessary that human tolerance to two types of shock axpos-
ures be considered; namely, (1) impacts iavolving velotity ~ -
shocks causing body acceleration or decelaration and (2)
transient body vibrations. Tolerances for these types of ex-
pocures and their meaning relevant to the ground shock savir-
oniment for:n the hasic consideration invcmgnu! with regard
to peraonnel,

In a structure subject to ground shock; & psrson may
experience various types of motions depending upon hia loca-
tion aand pusture within the atructure and upon th fexibility
of the supporting system. The latter depends oa the degree of
isolation of the scat and/ur f1sor which supports him, and on
whether or not he is attached to his secat by stiaps or seat
belts.

If the floor is not shock isolated, its motions are ap-
pruximately the same as thoss of the structure as in the case
of a flrer slab which is meonolithic with the structure shell.
Therefore, a subject not attached to the floor is vulnerable to
impacts similar to those experienced iu free falls {(due to the
structure dropping from beneath him) and/or similar to those
experienced in shipboard explosions (due ta the structure re-
bounding upward bencath him). These impacts result fran a
collision with the floor, lmpacts may also result as a con-
sequence of the subject being thrown off balance due to the
initia! horizontal azeelzcatisa of the structive ur W the re-
bounding or upward motions of the structure resultig in his de-
ing thrown bodily against furniture, walle, or other hard
surfaces, lmpa-ts in this category also b a resembiance

to those experienced in falls and in shipbsard expiasions.

It & subject is atinched o a structure, he is vulaerable
15 aceeleralion forces similar to those experienced in miii-
tary aireraft and, in addition, he is iable to iajury by reas
20 of the shaking ar vibrations of the structure.
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In any particular case, the seriousness of injury de-
pends upon the frequency, duration, and magnitude of the ac-
celerations directly imposed on the total organism and its
several parts and on the impact intensity experienced when

. collision with hard surfaces is involved. In addition, the ex-
tent ot possible pain or injury depends upon the posture of the

~ personnel {i.e., whether they are sitting, standing, or re-
clining) and their position with respect to nearby hard sur-
faces. In order to reduce or prevent harmiul effects, pro-
tective measures, such as shock isolation, cushioning or sep-
aration of hard surfaces, proper strapping down, etc., cab
be provided. : T

Ttre floor system mayrbc' shock isolated by either be-
ing mounted on springs or being hung from the ceiling. In
this case, the motions of the floor differ from the structure
motion. Peak structure accelerations will be reduced and
the floor response will be a vibration in accordance with the
frequency of the system superimposed on the structure dis-
placement, Although the support motion is modified, separa-
tion trom non-attached personnel may still result depending
on the degree of shock isolation, If isolation limits the peak
acceleration respunsc to less than one g, separation will be
prevented. Personnel attached to a shock-isulated support,
such as hy scat belts or nther strapping, will experience the
vibratory responss of the support rather than the impact due
to collision. A subjsct may also be isolated by individual
isolation of his support, such as a spring-mounted chair or a
cot. In this case, he will be subjected to the vibratory re-
sponse of the individual support. Impact would be minimized
by such an individual shock mcuating.

The motions of a structure in a ground -shock environ-
ment may have several possible effects on perscane! housed
within such @ structure. The motion may interfere directly
with physical activity and/or it may resu.t in discomfort,

‘ psin, trauma, or mortality, Other affects associated with

long-duration vibrations, such as irritation, fatigue, and

thermal and chemical effocts, ars not likely due > the
transient nature of the mntions.

Generally, there¢ are throo simple criteria for subjec-
tive responses to shock and vibration: the thresholds of
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perception, of unpleasantness, and of tolerance. However,
only approximate limits to these thresholds under given ex-
posure conditions can be given since the exact physical mode of
action of any exposure varies with respect to physical, physio-
logical, and psychological reactions rendering such limits sta-
tistical in nature. With this in mind, researchers have es-
tablished threshold tolerances for man under various shock and
vibration exposures at which physical tissue damage or trauma
is not likely to occur. Furthermore, some have established
thresholds of perception and unpleasantness for various vibra-
tion exposures.

Although most of the available data are not directly ap-
plicable to the exposures expected in a ground-shock environ-
ment, those which are felt pertinent for establishing shock tel-
erances are summarized and discussed in the following sec-
tions covering vibration tolerances, impact toleran.es, and
conclusions.

b. Vibration Tolerance

As pointed out earlier, personnel housed in a protective
underground structure and subjected to ground shock may be
isviated on sorne type of suspenaion system such that the max-
imum accelerations of the gross-structure motions are not ex=
perienced. For an adequate design, the motions of the system
must be within vibration tolerance limits that the personnel
can withstand consistent with operational requirements or
prevention of injury.

Ii the system is relatively stiff, resulting in initial
downward motions in excess of one g, and the parsonnel are
not attarhed to the syidtem, then the tolerance to vibrational
motion in this ''g" range is not important since separation will
occur and injury is likely to result {from impact. On the
other hand, if the personnel are attached, the separation is
prevented and tolerance to vibrational motions is of primary
concern, particuiarly for isolated sysiems.

Although a system may be isolated to within one g.,
such that no separation ensues for non-attached personnel,
vibration tolerance leve's to these low-frequency motions may
nonethelcss be important, especially since it has been reporied
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{Reference A.7) that such levels are considerably reduced in
the low frequency range due to resonance with the body's nat-
ural periods.

Previous studies {Reference A.7) have been designed to
determine whole-body response and tolerance to sinuscidal vi-
brations in the frequency range from 1 to 70 c.p.s. In these
studies, subjects were (non-attached) in a standing, #itting, or
lying position on a horizontally or vertically vibrating plat-
form, and at various selected frequencies and amplitudes sub-
joctive responses from the threshold of perception to pain were
recorded. Exposure times ranged from 5 to <U minutes. ‘L'he
latter threshold was considered as a tolerance limit and the mo-
tions were discontinued beyond this level. Some of the criteria
for the subjective responses were: just perceptible, definitely
perceptible, noticeable, unpleasant, annoying, painful, and
unbearable. It is obvious that these terms are w.de open for
subjective interpretation and are only used to provide a gen-
eral classification of the perceived sensations.

In analysing the results of several investigations in

terms of willingness of a subject to tolerate various levels of
vibration exposure, Reference A.7 shows that the variability
among different studies is very great; the results were aver-
aged and simplified as plotted in Curve a of Figure A-4. In
this figure subjective roactions indicating tolerance are plotted
as a function of frequency and acceleration.

In considering this data relevant to the ground shock
problem it should be pointed out that Curve a is a summary of
tolerances for relatively long exposure times (on the order of
$-20 minutes) probably rendering the values of tolerance u: v~
essa.ily conservative for the transient exposures of 4 ground
shock. According to Curve a, the lower level of tolerance for
these relativel:: lony cxposures is about 0.25 g. Referonce A.7
points out that larger accelerations can be .slerated for trans-
ient exposures but does not indicate any precise limit.

From Curve a it is also seen that the average tolerable
limit i » ubout 0. }g in che low {requency range, then gradually
increases after 30 c.p. 9. reachingone g. at about 80 c.p.s.
and sharply increasing after 100 c.p.s.
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A source of information on shorter time-vibration to}-
erance for supported (attached) subjects resulted from the ex=
perimental work reported in Reference A.8. In these tests
each of 10 male subjects was supported in a seat with a stand-
ard seat belt and shoulder harness and was exposed to an in-
creasing sinusoidal acceleration at selected frequencies in the
range from 1 to 15 c.p.s. At each frequency the amplitude
was increased to the poiat where the subject immediately
stopped the run because he thought that further increase might
cause bodily harm. This amplitude was considered as a tol-
erance limit. Exposure times ranged from 18 to 208 seconds.

The average results of these tests are presented in
Curve b of Figure A-4 which shows the tolerance for each fre-
quency.

It is to be noted from the curve that the lower level of
tolerance is between 1 and 2g. at 3-4c.p.s. and 7-8 c.p.».,
and the higher level is 7-8g. at 15 c.p.s. Those levels are
considerably higher than the results of other tests (Reference
A.9) for similar test support conditions but for somswhat
longer exposures. Tolerance levels obtained in the tests of
Reference A.9 are shown on Curve ¢ of Figure A-4. In these
tests 16 male subjects were supported in & chair and -ubjected
to a vertical sinusoidal vibration at frequencies from 1 to
27 c.p.8. At cach frequency the acceleration amulitude was

g radually increased and various response levels recorded until
a tolerance level (alarming level) was reiched. This tolerance
1avel is plotted az Curve c. Relatively high acceloration sen-
sitivity was indicated at 1, 1to 10, and above 20 c.p.s. The
lowest level of 0.2%g. occured atone ¢.p.s. It then incieased
to 0.8g. at 2-3 c.p.s., decreased to 0.653. at ¢-8 c.p.» .,
and then gradually increased to the maximum tolerance of
1.4g. at 17-20 c.p.s. The tolerance then dropped abruptly
to one g. in the range of 24 to 27 c.p.s.

A comparison of Curves a, b, and ¢ of Figure A-4
indicates that a higher acceleration at corresponding frequens
cies can be tolervated for shorter exposure times, although
variations {n this data are no doudbt partially due to diifurences
in the testing procedure, type of body support, posture, :
subjective responses, definition of tolerances, etc. Curvea,
which averaged vibration tolerance for various body positions

A-27




and exposure times from 5 to 20 minutes, resulted in the
lowest acceleration tolerance for corresponding frequencies.
Curve ¢, for personnel seated and attached and subjected to
gradually increasing accelerations of shorter exposure times,
indicates higher tolerances. Curve b, which represents a
similar test of exposure times ranging from 18 to 208 seconds
with most exposures less than one minute, resulted in higher
acceleration than Curve ¢. For even shorter exposure times
in the order of a few seconds or less which would be assoc-
iated with the ground shock, corresponding tolerances may
very well increase beyond Curve b in the same manner as
Curve b increased above Curve a. However, this type of ex-
trapolation is not certain. Reference A.18 points out that
the acceleration forces experienced by personnel in shelters
are of relatively short durations compared with available in-
formation on human tolerances and that these tolerances are
probably conservative for ground shock effects on personnel.

Although these tolerance values may be conservative
for personnel subjected to ground shock, the relative toler-
ances for various frequencics probably have some general ap-
plication for shorter exposure times. [t is seen that tha hody
is evidentiy more sensitive to vibration at particular frequen-
cien, suggesting body-organ and appendage rcsonance. From
the low frequency range of Curve a {Reference A.7) sensitivity
is indicated below 2 c.p.s. and beyond 8 ¢.p.s. Above 30
c.p.8 , tolerance increases sharply, probably since moat of
the body does not respond to the high-{requency motion.

- Howaever, the data of Curve a s act twv detailed for small-
- frequency variations, and the main observation is that tol- -

" erance increases sharply in the high-frequency range beyond
80 c.p.s. Reference A.7 also describes results of mecha. -
ical impedance test measurements made to determine criti-
cal body frequencies. It was found, for vertical vibrations,
that below approximately 2 c.p.s. the body acts as a unit
rnass. Resonance peaks were found between . and 6 ¢.p.s.
for the sitting man and between 5 and 12 ¢.p.s. for the stand-
ing man. Above approximately 10 ¢.p.s. it was found that
vibration amplitudes of the body are smaller than the ampli-
tudes of the exciting table and decreasc continually with in-
creasing frequency. Furthev studies from Reference A.7 on
bath the sitting and standing subject indicate that, betwean 20
and 30 e.p. 8., the head exhibits a resonance. Eyeball
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resonance has been observed in the frequency range between
60 and 90 c.p.s. For transverse vibrations it has been indi-
cated that resonant frequencies occurred between 1 and 3
¢c.p.s. and that the response decreases with increasing fre-
quency (Referenc: A.7).

It is seen from Curve b (Reference A.8) that accelera-
tion sensitivity occurred between 3 and 8 c.p.s. and that tol-
erance increased sharply below 3 c.p.s. and above 10 c.p.s.
This is generally consistent with the mechanical impedance
measureme:ts of Reference A.7, although the data of Curve a
(Refurence A.7) did not indicate this variation. However, as
previously indicated, the low-frequency range of Curve a ap-
pears to be somewhat smoothed out. Curve ¢ (Reference A.9)
also indicated sensiti vity between 4 and 10 c.p.s. followed
by an increase in tolerance up to 20 c.p.s. However, a
sensitivity was noted beyond 20 c.p.s. This later sensitiv-
ity (beyond the frequency range of Curve b) is somewhat con-
sistent with Curve a and with the impedance measurements.
From Curve c it is noted that a sensitivity also occurred at
one ¢.p.8. which is consistent with Curve a but not with
Curve b.

It appears that critical freguencies may exist at all
frequencies below 10 c.p.s. dependiig on the direction of the
vibration and the body posture. Above 10 c.p.s. tolerance

“tends to increase and falls off between 20 to 30 c.p.s. beyond
which there is a gradual increase although some sensitivity
‘may occur at particular ranges. After 80 c.p.s. thereisa
sharp increase in tolerance.

Conclusions for vibration tolerances applicable to :*c
ground shock environment are indicated at the end of the dis-
cussion under the "Conclusions" (par. ¢, below).

~ ¢. lmpact Tolerance

Effects on personnel subjected to a vibratory-or
oscillating-type motion were discussed in the last section
under Vibration Tolerances. In contrast to vibratory mo-
tion, impact effects involve a sudder. single-pulse-type shock
or motion, such as caused by explosions, explosive com-
pression or decompression., and impacts and blows from rapid
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changes in body velocity or from moving objects. Poasible
damage (Reference A.7) includes bone fracture, lung damage,
injury to the inner wall of the intestine, brain damage, car-
diac damage, ear damage, tearing or crushing of soft tissues,
etc. Differences in injury patterns arise {rom differences in
rates of loading, peak force, duration, localization of
forces, etc.

In the case of personnel subjected to ground shock mo-
tions, impacts would result from structure motions relative
to personnel and from personnel colliding with adjacent ob-
jects or portions of the structure. For example, the struc-
ture motions will be characterized by a sharp downward mo-
tion causing the floor slab to drop from under unattached per-
sonnel. Personnel will then fall because of gravity and will
experience impact with the floor slab. If the structure motion
is upward, further impact between the floor slab "nd person-
nel will occur, and personnel may be thrown upward and also
laterally due to horizontal structure motions, thereby result-
ing in a subsequont collision with the structure wall or floor
or with adjacent objects such as furniture.

it is pointed out in Reference A.10 that, should a huinan
be subjected to impact due to ground shock, etc., it is likely
that considerable variation in the body area of impact will
occur. In addition, there are many circumstances in which
the decelerative experience may involve glancing contact
with an object; also, a great variation in the shape, weight,
and consistency of the decelerating object or surface may be
involved.

It is felt {(Reference A.11) that the charactei of the ¢ --
celerating surface, the angle and area of the body involved a.
impact, the impact veloecity, and the decelerating time and
distance are each critical factors. Most hasardous of ail
{with certain ra.e exceptions) is, in all pr¢’ ability, un-
coordinated impact against a very hard surface. As noted in
Reference A.10, any modification of the time of deceleration
and the distance over which it occurs will markedly influence
the magnitude of the load and the rate with which it develops.
Such factors are responsible for human survival alter ex-
periencing impact velocities greater than that expected lor
mortality. Frequently, in these cases the surface struck is
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soft ground and the impact area of the body is large - the back,
side, or ventral surface - and these factors modify the rela-
tionships between impaci velocity and biological effects. This
indicates that any cushioning of the impact, such as by use of
mats on the shelter floor, could considerably reduce the im-
pact effects on personnel.

Personnel attached to the structure, such as by being
strapped to a seat which is in turn bolted to the floor slab,
will not suffer impact due to separation from the structure and
the subsequent collision. However, they will be subjected to
the sudden downward motior of the structure (an accelerative
impact) which will also affect the human body, although this
impact will tend to by cushioncd somewhat by the s traps and
the geat. If the seat is sufficiently shock mounted to reduce
the accelerations and thereby the impact, then the vibratory
response of the support would be the primary consideration,
as discussed in the previous section.

From the studies reported in Reference A.10, it wvas
concluded by the authors that one can tentatively take 10
ft./sec. as "an on-the-average safe" impact velocity for adult
humans and regard the probabilities of serious injury and even
fatality for man to increase progressively as the impact vel-
acity is elevated above this figure. This tolerable velocity is
based on impact with a llat, solid surface and for various
body postures, including impact of the head, impact in the
standing position with kuecs locked, and Linpact in the seated
position. It was indicated that a higher impact velocity could
be tolerated for cases where the impact area of the body was
larger, such as the back, side, or ventral surface, or if the
surface collided with was not hard, such as soft ground. ;.
was also pointed out in Reference A. 10 that impact with a 90-
degree sharp corner would be much more severs than with a
flat surface. Only about one-seventh of the impact energy to
csuse skull fracture due to impact with a flat surface would be
required for skull fracture due to impact with a 90-degree
sharp corner. This would corraspond to an impact velocity
of one-third of the value for a flat surface. It would thus be
desirable to avoid impacts with sharp coraers or to cushion
the corners and sharp edges of tables, desks, etc. According
to Reference A.10, the impact velocity for the threshold of
mortality would be about 21 ft./eec. This indicates a rather
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narrow range between no injury and serious injury or death.

In References A.1)l and A.12, it was also concluded
that 10 {t./sec. could be tentatively taken as a safe impact
velocity with a hard flat surface. R

Reference A.13 Jtates that, for a standing person with
locked knees, no fractures can be expected at relative (im-
pact) velocities below 11 ft. /sec., and serious damage to the
brain can be expected if relative velocity at contactis 14 ft./
sec. or more. These values (based on drop experiments)
appear to be consistent with data from References A.10, A.l},
and A.12.

As reported in Reference A. 14, men and dummies
were exposed to deck motions on a ship when large explosive
charges were detonated under water. These motions whese
characterized by a short-duration upward acceleration which
can be equated to a sudden velocity change. The duration of
the accelerations was less than 10 rasec. This was followed
by a deceleration phase lasting about 50 meec. In other
words, the risc time to the peak velocity was less than 10
msec. and the decay to zero velocity took an additional 50
msec. The acceleration phase or rise-time portion of this
velocity pulse would be similar to the acceleration phase of
the sharp downward, ground-shock velocity pul se. However,
the decay of the ground-shock velocity pulee is considerably
longer, in the ovder of a second or seconds. Since, It ap-
pears that the body is primarily sensitive to sudden changes
in velocity, this data would be pertinent. This type of shock
velocity would have an 2ffect on the body similar to that
produced by a drop test. ln both cases a near inctantanec'is
velocity change i3 experienced due to the relative velocity
between the body ard a flat surface. In the tests of Refer-
onec A. 14, a stitf-legged aubject and 2 subject seated in a
hard wooden chair expetrienced 19 g. {for 8 - we, (peak vel-
ocity of 4.0 fi. /sec.) after which the tests were discontinued. .
This does not indicate a telerable limit #ince no physivtogical
effects were reporied oxcept o some disecomiont in the
stiff-leggoed position. A subject with bent knees experienced
an acceleration of 30 g. for & mice. (poak veloclity of 8 N
ft. /sec.) withouvt discomfort. This is al#o not necesdarily
a tolevable limit, but it does indicate that, in the best-knee
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position, humans are capable of tolerating a higher impact vel-
ocity. This cushioning of the shock in the bent-knee position
is further apparent by the fact that, in the stiff-legged and
seated position, the subjects left the deck at the maximum deck
velocity, whereas in the bent-knee position the subject left
the deck at about 5 to 10 percent of the maximum deck veloc-
ity. From other data described in Reference A. 14, the au-
thors stated that a stif(-legged or a seated man, for which the
maximum velocity is 8 ft./sec., will experience a vertical
displacement of about one ft., and in areas in which the deck
velocity is greater, some injuries may occur.

Reference A.15 reports on studies of perscnnel injur-
ies resulting from the wartime explosion of a minesweeper.
Injuries were correlated with deck motions. It was found
that, for persunnel without advance warning and in random body
positions, injury due to an initial acceleration of 50 g. for
6.5 meec. (peak velocity of 11.5 ft./sec.) can occur. For
personnel hurled through the air, deck velocities of about
15 ft. /sec. resulted in collision-impact injuries. This latter
value is probably higher because of collision with a large im-
pact surface of the body.

ReferencesA.16 and A.17 describe other data relevant
to impact on ships, including use of protective shoes. Ref-
erence A.16 points out that direct injuries due to movements
are assocliated with a high initial acceleration for a short
duration, whereass if the same amplitude is reached under a
lower acceleration for a longer time, injury will occur due
to the subscquent collision after being hurled into the air.
This is consistent with the References discussed abova. In a
laboratory -tcst of cadavaras{Refersnce A.16), a vilucity of
12 fv. !eec. reached in 1.3 meec. caused some fractures to
those without protective ahoes and no injury to those with
protective shoes. In addition, it was stated that protective
shues and inats will protect standing person. ! against direct
impact effects for velocities up w0 20 f1./sec. Howuver, the
danger of indirect injury (subscquent coliision) is still present.

Reference A.17 describes similar data and states that
forces effective in causing impact injaries are of very short
duration (1-2 maec.) producing extremely high accelerations
(200-800 g§.) and peak velocities of about 12 ft. /eec. It was
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further shown that protection from these forces may be afford-
ed by protective shoes.

From review of the data pertaining t0 personnel ex-
pericncing impact due to falls or hy other mechanisms caus-
ing sudden velocity changes, it appears that the impact veloc-
ity can he taken as the significant injury parameter. Although
various combinations of acceleration and duration (or deceler-
ation and duration for collision) have been imposed on person-
nel, in general no injuries are reported until an impact vel-
ocity change greater than about 11 ft./sec. occurred. Of
course, the time durations {tine [ur peak velocity change) are
all extremely short, i.e., generally in the range of 10 meec.
or less. For longer time durations, consideration of an im-

pact tolerance in terms of the same peak velocity change may =

be conservative. This is apparent by considering the use of a
mat or protective shoes which incroase the stoppir; time and
thereby permit a higher tolerable velocity change. Thus, for
extromely short timoe durations a tolerance may be considered
in terms of an approximately constant peak-velocity chunge,
and for relatively longer time durations the tolerable velocity
would increase as the time increayes. This phenomenon is
due to the fact that, as the stopping time becomes s mall, the
acceleration responae of the body reaches a peak (because of
the budy flexibility) and shorter times and higher accelera-
tions are no more severe than the most eritical impact case
of the body colliding with a rigid surface. For these short
acceleration durations, injury is related to the kinetic energy
which must be absorbed by the body.

This charactoristic oi impact etiecs on the body is in-
dicated in Reference A.19 which states that subjecis strapy
to a seat experienced a trapesoidal acceleration pulse. For
the trapezoidal pulses of extremely short durations (in the
range of 10 msce. or less), tae areas of the pulscs were of
the same order of magnitude, indicating that .¢ tolerance
could bte approximately related 10 o peak impact velocity.
However, far the longer duration pulses the arean of the
pulses inereased which corresponds 10 aw increase of the
tolerable velotity. e

The effect of horisontal met.ons un the tirowing of
personnel off balance or hurling them laterally would depend
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on the body stance and position, the acceleration intensity,
duration, and rate of onset {jolt) of acceleration. As des-
cribed in Section A-2, the ground shock motion wouid be
characterized by a sharp, single, lateral peak acccleration
followed by lower amplitude disturbances. The duration of
the sharp peak pulse is a small fraction of a second. If the
floor slab or supports for the personnel are shock mounted,
this peak acceleration will be attenuated, and a lower fre-
quency vibratory acceleration r~sponsec will result. Refer-
ence A.7 presents short-time acueleration loads associated
with public transportation and automobiles. Although the
effect of these accelerations on throwing personncl off balance
is not discussed, it is pussihle to derive certain conclusions
from the values given. For public transit the normal accel-
eration and deceleration is 0.1 to 0.2 g. for 5 seconds.
Since these are considered for normal conditions, it is rea-
sonable to conclude that personnel will not be thrown off bal-
ance. For emergency-stop braking from 70 m.p.h., the de-
celeration is 0.4 y for 2.5 seconds. It is reasonable to as-
sume that this type of sudden stop would thaow standing per- .
sonnel off balance and perhaps throw seated personnel forward

off their seats. For automobile stops a deceleration of 0.25 4.

for 5 to 8 seconds is considered a comfortable stop, and a de-
celeration of 0.45 g. for 3 to 5 seconds is considered very
undesirabie, )

From this data on horizontal accelerations it appears
that personnel could probably sustain about 0. 2 g. without be~
ing thrown off balance, and at values of 0.4 g. they would
most likely be thrown off balance. _Fcr values lying between
0.2 and 0.4 g. the stance of pervonnel and the jolt associated
with the acceleration are probably significant factors.  Tiw
grou.4 shock acceleration required to throw persoamncl oif
balance may be greater because of the shortened duration and
associated joite of the accelerations. Also. the structure
may acceleraie downward from under personnel before the
personnel can respond 1o the horizoantal structure meotions.

A wlcrable horizonts! acceleration of 0.%0 g. is recommend-
ed (Reference A.20) jor ground shoek protection of standing
personnel as described below,

d. Additional Information
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The vibration and impact tolerance datla presented in
the above sections and summarized in Section A-4.2 were
discussed with pertinent agencies with regard to establishing
criteria for personnel shock tolerances for the ground shock
environment. Tentative conclusions and recommeondations bad
been made which served as a basis for discussion at the
meetings.

The recommended impact velocity of 10 ft. /sec. was
discussed at the meeting with the Lovelace Foundation {Sec-
tion B-4), This velccity is considered an "on-the-average"
safe tolerable vaine for total-body as well as skull impact
with a hard Qat surface. For impact with sharp corners,
the tolerable impact velocity would be considerably less.
Since the horizontal motions in combination with the vertical
motions would probably throw personnel off balance, itis
possible that an uncocrdinated type of impact we \ld occur and
some injuries may result for persons of certain age groups,
for persons colliding in an awkward position, and where a
porson falls backwards and experiences impact with the back
of the head, In the latter case, an impact velocity greater
than 10 ft. /sec. may be unavoidable. Fer impact velocities
greater than 10 fi. /sec. and for added safety at 10 fi. /sec.,
a cvshioning material should be provided. Bracing, such as
ha.drails, could be used to prevent personnel from being
thrown ofi balance. It is also pointed out (Section B-4) that
sirapping a person to a chair could introduce additional
bazasds due to the vibration loading and the interaction be-
twaen the body aud chair.

As discusced during the meeling at the Air Force Spec-
ial Weapons Center (Section B-5) and presented in Refer.: 2
A, 20, she telerances ricummmended are 1,75 g. for seated
personnel and 0.75 g. vertical, amd 0. 50 g. bhorizontal for
standing personnel, These valuus are based on the considera-
tion thu: separation of the floor slab with . Jpect o personnel
would resiult in injury. Therefore, the possibility that impaet
between personnel and the structure could be tolerable is not
considecred. As d.scuived in Secvion B3, if separation of
personnel vith respect to the structure is permitted in civil
defense Jhciters, cushioning material should be provided, ami
for sealed persvnnel, sedl Lelis should be provided.
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As discussed during the meeting at the Defense Atom-
ic Support Agency (Section B-6), personnel protection could
best be achieved by providing protective padding or by use of
frangible-type material to absorb the impact energy.

It was pointed out during the meeting at the Naval
Research Laboratory (Section B-7) that, with regard to per-
sonnel ground-shock effects, the high accelerations assoc-
iated with the high-frequency range of the spectra would not
be critical as a direct effect since personnel will not respond
tc these high-frequency components. Consideration of a
sudden velocity change would be more appropriate for evaluate-
ing personnel effects. Naval shipboard data have indicated
tolerances for impact velocities up to approximately 10 ft./
sec. for particular body postures and areas of impact. Per-
sonnel are believed to be sufficiently rugged to survive ex-
pected motions without appreciable injury. Howevar, person-
nel should be vither strapped intc chairs or be provided with
hard holds, or else cushioning should be provided on adjacent
objects with which personnel could collide. In general, it
is advisable to use cushioning material to pad all potential
hard impact surfaces so as to provide the most reliable pro-
tection. Loose items, such as furniture, etc., should be
attached to the structure.

At the moeting at the Naval Medical Research Lab-
oratory (Section B-8), recommended vibration tolerances
were discussed with the {ollowiny values arrived at for sug-
gested criteria: 2 g. for less than 10 c.p.8.; 5 g. for 10-20
c.p.8.;7 g. for 20 to 40 c.p.4.; and 10 g. above 40 c.p.s.
Although these vibration tolerances are based on test data
for longer duration exposure than that which would resuit
from structurc motion caused by ground shock, it is consic- -
ered that tolerances for shorter durations may not necessar-
ily be significantly higher. Therefore, the above values
shall be adopted for this study. In addition, the available
test data for scated personnel arc for personnel tested in
special protective seats. The impact velocity of 10 ft./sec.
with a hard flat surface is considered to be generally safe.

If the body werc in a {lexible position or the area of impact
wera large, higher impact velocities could be tolerated. Im-
pact with sharp cornaras should be avoided or the corners
should be padded. A possiblu hazard is falling over backwards
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and striking the back of the head in which case injury might
result even if there were no structure motions, although it is
noted that in most cases such a fall would be cushioned by
striking the back or arms first. To provide protection
against this type of injury, padding is advisable.

As discussed during the meetings {Sections B-4, B-5,
B-6, and B-7), no known personnel shock tests have been
conducted specifically for the ground shock problern although
this type of testing is presently being considered.

e. Conclusions

Based on review of the data discussed in the previous
sections and summarized in Section A-4.2, the conclusions
presented below constitute recommended basic criteria for
establishing personnel shock tolerances. Specific application
of this criteria with regarcd tothis study is presented in Chap-
ter 111.

For personnel strapped to chairs or cots which are
shock isolated, the tolerable pcak accelaration amplitudes as &
function of the frequency of the vibration are as follows. The
values pertain to both the vertical and horisontal directions
and are presumed not to result in injury for most people sudb-
Jected to such vibrations (er the expected time durations.

Frequene Talerable Acceleoration
lese than 10 c.p.s. (XD
10 to 20 c.p)8: X B
20 to 40 ¢c.p.9. S T
above 10 c.p.8. 10 .

 isote that for the higher fracuency ranges given above, -
the tolarances may be unduly coassrvative, and consideration
of an impact or audden velocity change may be more applic-
able since the high frequency vibrations wuuld actually be ap-
proximating the gross motions of the structurc. This motion
ts churactvrized by a velocity pulse which roaches the peak
velocity dus 4o a predumiinant wingle peak pulse of accelera-
tion, followed by high-frequsney lower amplitude diswrb-
ancus {Section A-2). Coasideration of shock tolerance from
this standpeint can be rolaied 19 impact tolurance data waich -
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is probably less conservative than the available vibration tol-
erance data with regard to the ground shock eavironment. Of
course, the high-frequency (high g.) accelerationa may still
be present, but it has been indicated that humans would not
respond to the peak acceleration amplitudes at high freguen-
cies, and physiological effects can be conveniently related to
the velocity change regardless of the associated acceleration.

For impact with a hard, flat surface in random body
positions with no special protective devices, the tolerable
impact velocity (relative velocity betwoen personnel and the
surface at impact) which would not result in injury for most
people experiencing collisions is to be takan as 10 ft./sec.

For personnel thrown off balance and subjected to an
uncoordinated type of impact with a flat, hard surface, it is
expected that some persons may experience injuiy, although,
in general, this type of fall will be cushioned by the arms
and hands and the large area of impact. Possible injuries
can be greatly reduced by providing protective padding.

For impact with a cushioned, flat surface, where mats
or protective clothing, etc., are provided, the tolerable
values will be considerably higher depending on the cushion-
ing provided. Maximum impact velocities in tha range of
15 to 20 ft./sec. could probably be tolerated with proper
protection.

For impact with a sharp corner or edge, cushioning
must be provided.

For protection of standing personnel, current critetia
(Reference A.20) recommends 0.5 g. as a tolerable horisontal
acceleration and 0.75 g. as the tolerable vertical accelera-
tion. . v

A-4.2 Summaries of Ijormation
iR rom XNeferences

a. Summary of Reference A.7 -
This repo’it presents a comprehensive study on the
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bLiological effects of shock and vibration and deals with three
basic problems: the structure and properties of the human body
as a mechanical and biological system, the effects of shock
and vibration of this system, and the protection required by
the system under various exposure conditions. Numerous
data on tolerance criteria for various exposure conditions are
presented. Although most of the data is not related directly

to the ground shock protlem, that which is felt pertinent has
bee:r. singled out for attention and summarized or indicated
below.

Vibration Effects

Biological 5ystems may be influenced by vibration of
sufficient amplitudes at all frequencies. This report, how-
ever, is concerned primarily with the frequency range from

1 c.p.s. to 100 c.p.s. although studies at higher requen-
cies are very useful 1o. e analywis of tissue characteristics.

This report explains that structurally, the human body
consists of a hard, bory skeletun whose pieces are held to-
gethur by tough, {ibrous ligaments and which is embedded in
a highly organized muass of connective tissue and muscle. The
soft visceral organs are ¢contained within the rib cage and the
abdominal cavity. The combined use of soft tissue and bone
in the structure of the body, together with the body's geomet-
ric dimensiong, results in a systern which exhibits roughly
three different types of responrse to vibratory encrgy depend-
ing upon the frequency range. At very low frequenvies, be-
low approximately 100 ¢.p.s., the body can be described for
most purposcs as a lumped parometer system. Resonances
are observed which can be aitributed to the interaction of
tissue .massed with purely clastic structurcs. For higher
frequencies, through the audio range and up to 100 k.c.p.s.,
the wave propagation of vibratory energy becomes more and
more important, bul the type of wave propaga..on (shear
waves, surface waves, or compression waves) is strongly
influenced by bhoundaries and geometrical configurations.
Above 100 k.c.p.#. and up 10 m.c.p. 4. range, compres-
sion waves predominate: and are propagated in & beam-iike
manner. This viewpoint permits not enly a phenomenologi -
cal description of the body's mechanical propertivs but also
forms the basias for attempts to vxplain the behavior of tissue
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in terms of microscopic tissue and cell-structure.

The mechanical impedance of a man standing or sitting
on a vertical vibrating platform has been investigated. It
was found that below approximately 2 c.p.s. the body acts as a
unit mass. Resonance peaks were found between 4 and 6
c.p.s. for the sitting man and between 5 and 12 c.p.s. for the
standing man. Above approximately 10 c.p.s. it was found
that vibration amplitudes of thc body are smaller than the am-
plitudes of the exciting table and decrease continually with in-
creasing frequency. Of course, impedances anc {ransmission
factors arv changed considerably by individual differences in
the body and its posturs as wcll as support by a seat or back
rest for a sitting subject or by tho state of the knae or angle
joints of a standing subject. The resonance frequencies, how-
ever, remain relatively constant. Transmission factors as
high as 4 have been observed in the frequency rzage below
10 c.p.».

. Further studies on both the sitting and starding subject -
indicate that between 20 and 30 c.p.s. the h2ad exhibits a
resonance with a transmission factor botween head and shoul-
der of about 3. Eyeball resonance Lias been observed in the
frequency range between 60 and 90 c.p.s.

The impedance of the human body lying on its back on a
rigid surfsoce and vibrating in the direction of its longitudinal
axis has been determined by ballistocardiograph studies. It
was found that the total mass of the body forms a simple,
spring-mass system which is in resonance between 3 and
3.5 c.p.s. with a transmission factor between body and slad
of about 3. '

. The physical response to transverse vibration is quite
different from that described above for vertical vibration: in-
stead of thruat forces acting primarily alon, the line of action
of the force »f gravity on the human body, they act at right

angles to this line. The clstribution of the body masses along
thie line is therelore of the utmnat importance. : ’

lmpeaance manurammﬁ for transverse vibration are
" not available. The results of treasmissiun studies indicute
that, for both the sitting and standing subject, resonant
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frequencies are between | and 3 c.p.s. and that the response
decreagses with increasing frequency.

Although impedance measurements tend to indicate
critical frequency ranges, this is not true in every case as
observed during the vibration tests.

Many methods have been developed to assess man's
tolerance to vibration in a quantitative raanner, but most of
these are based on a limited number, specific types, ora
specific interpretation of experiments and contradict 2ach
other to a certain degree. These results have been averaged
and simplified as given in Curve a of Figure A-4 described in
the discussion. The tolerance limit, which represents an
average for man in the standing, sitting, and lying positions
without any protection and exposure times of £ to 20 minutes,
is plotted as a function of acceleration and frequency.

Data of this type (Reference A.8) for short exposures of
less than one minute for the frequency range | to 15 c.p.s.
are also discussed in this report. Subjects were strapped in
a seat and exposed to steadily increasing vertical vibration
amplitude until they could no long«r tolerate it. They were
then asked for their reactions and what their specific reason
was for asking to be released. No single criterion for toler-
* ance was found although scme reactions were more coramon
~ than others. The estimated limits of tolerance according to
these criteria are shown on Curve b in Figure A-4 and repre-
sent the border line beyond which physical tissue damage oc-
curs in a relatively short time.

- Although Curve b is for subjects supported in their
scats, it does indicate that man's tolerance to vibratory ac-
celeration increases as the exposure time decreases. For
exposures on tho order of seconds, such as encounterod in a
ground shock environment, Curve b is prob “ly a lower
bound tv man's tolerance to the environment, if he is strapped
down in a seat attached to the floor siab and isolated so that
he does not receive the initial jolt of the impact. In view of
the lack o. short-duration daia, the use of Curve a to assess
man's tolerance to transient vibrations when he is not sup-
ported or strapped down may be overly conservative. From
Curve a it is seen that the tolerable limit is about 0. 3g. which
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gradually increases after about 30 c.p.s. reaching one g. at
about 80 c.p.s. and sharply increasing after 100 c.p.s.

lmgact Effects

As opposed to vibratory effects the authors consider
mechanical shock effects on personnel, such as those caused
by explosions, explosive compression or decompression, and
impacts and blows from rapid changes in body velocity or
from moving objects. Possible damage includes bone {rac-
ture, lung damage, injury to the inner wall of the inteatine,
brain injury, curdiac damage, e¢ar damage, tearing or
crushing of soft tissues, etc. Dilferences in injury patterns
arise from differences in rates of loading, peak force, dura-
tion, localization of forces, etc. This report refers to im-
pact tolerance data developed by other researchers. Some of
these data are presented in the following sectionr of the ap-
pendix.

This report also presents approximate duration and
magnritude of short-duration acceleration loads which may
give some indication of horizontal acceleration values required
to throw personnel off balance. For public transit, normal
acceleration and deceleration is 0.1 to 0.2 g. for 5 seconds.
For ernergency-stop braking from 70 m.p.h., the decelera-
tion is 0.4 g. for 2.5 seconds. For a comfortable stop in an
automobile, the deceleration is 0.25 g. for 5 to 8 seconds;
for a very undecirable stop, the deceleration is 0.45g. for
3 to 5 seconds.

b. Summary of Raference A.8

Short tinie human tolerance criteria for sinusoidel
vibration from 1 t0 14 ¢.p.s. were determined using 10
healthy male subjects weighing from 136 to 210 lbs., and
ranging from 3ft. 7 in. to 6 ft. 3in. in .2ight. Each sub-
ject was supported in a seat using a standard seat belt and
harness, and at each frequency the amplitude was increased
at a constant rate from zero to the point where the subject
stopped the run because he thought that further increase might
cause bodily harm.

The perpose of the tests was to find the short-time
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vibration limit of subjective vnluntary tolerance and to define
this tolerance. Tolerance was defined as the degree of stress
human subjects are willing to undergo without noticeable in-

jury.

The lower levels of tolerance were found to lie between
] and 2 g. at 3-4c.p.s. and 7-8 ¢c.p.s. The highest toler-
ance level of 7-86 g. was found at 15 c.p.s. Subjective toler-
ance limits were caused by one or more of seven specific
sensations or sympto ms mainly: abdominal pain, ches: pain,
testicular pain, head symptoms, dyspnea, anxiety, and gen-
cral discomfort. Physiological observations during vibra-
tion exposure were also made.

Exposure times ranged from 18 to 208 seconds. How-
ever, these do not represent exposure at the tolerable value
since there was a buildup to the peak acceleraticn amplitude.
It is possible that shorter exposures of the same amplitude
may be just as severe. Curve b of Figure A-4 described in
the discussion illusirates some of the data recorded in these
tests.

c. Summary of Reference A.9

Each of 16 selected male subjects were supported in a
chair and subjected to a vertical, sinusoidal vibration at se-
lected frequencies in the range from 1 to 27 c.p.s. The ex-
posusré time appears to be in the order of minvtes.

Vibration levels were established in terms of four
levels defined as definitely perceptible, mildly annoying, ex-
tremely annoying. and alarming as scceleration increased
slowly for each sclected frequency at a constant rate. The
alarming level was considered as a tolerance limit and the
run was discontinued.

Relatively high acceteration sensitivity was indicated
at 1, 4to 10, and above 20 c.p.s. ‘The lowest level of
tolerance (0.25g.) occurred at one ¢.p.s., then increased
to 0.8g. at 2-3 c.p.s. after which it then decreased to
0.65g. at 4-8 c.p.s. and then gradually increased w the
maximum tolerance of 1.4g. at 17-20 c.p.s. range. The
tolerance then dropped abruptly to one g. in the range of 24
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to 27 c.p.s. Sorne of these data areplotted in Figure A-4 which
is described in the discussion. At each {requency the am-
plitude was increased at a constant rate until the tolerance
limit was reached. It was found that the body is evideatly
mare sensitive to vibration at selected frequencies, suggest-
ing body organ and appendage resonance.

4. Summary of Reference A.10

This report describes the results of impact tests on
animals and discusses data {rom literature relevant to ha-
mans. Tertiary effects sncompass injuries that occur as a
consequence of actual displacement uf a biological target by
winds that accompany the propagation of the pressure pulse.
It is also stated that, although damage may ensue during the
accelerative phase of movemant bacause of differential vel-
ocities imparted to various portions of the body, trauma is
likely to be more prevalent and severe during deceleration,
particularly if impact with a hard surface occurs. Although
the ground shock environment differs in that motions imparted
to personnel are not caused by direct wind forces, the latter
sffect of deceleration impact would be similar to that which
could occur during ground shock motiona.

It {s pointed out that proper assessment of the tertiary
blast hazard requires knowledge in at least two areas; namely,
{a) information concerning velocities attained by objects hav-
ing the size and shape of man and (b) inan's tolerance to im-
pact as a function of striking velocity. In the case of ground
shock, the former could be established on the basis of the
structure motions, and the latter would be similar to that in-

vestigated in this report.

In the tests described. the various animais were sub-
jected to impict velocities runging between 25 fi. /sec. and
31 ft. /eec. in order to establish mortali., -impact velocity
levels. The desired velocities were generated by allowing
the animals to free-fall from various heights to a flat con- §
crete pad. The veatral suriace of each animal was the area B
of impact. Extrapolation of the data to a 70 kg. animal
was made to predict lethal velocity levels for an animal of
human size. Bated on this data. the predicted threshold
condition for lethality is 21 ft. /eec., and the impact velocity
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for 50 -percent mortality would be 26 ft. /sec. This applies
to young adult animals subject to impact with a solid flat sur-
face in the prone position.

It is pointed out that, should a human be subjected to
impact, such as that due to ground shock, etc., itis likely
that considerable variation in the body area of impact will oc-
cur. Also, there are many circumstances in which a decel-
erative experience may invclve glancing contact with an ok~
ject; in addition, & great variation in the shape, weight, and
consistency of the decelurating ohject or surface may be in-
volved. Any modification of the time of deceleration and the
distance over which it cccurs will markedly influence the
magnitude of the g. load and the rate with which it develops.
Such factors are responsible for human survival after exper-
iencing impact velocities groater than that expected for mor-
tality, Frequently in thase cases, the surface struck is solt
ground, and the impact arer of the budy ic large - the back,
side, or ventral surface - and these factors modify the re-
lationship s betwoen impact velocity and biological effect.
However, the authors are concerned with human impact on a
fla:, solid surface, and the stopping distances are controlied .
only by the tissues of the body. Ia this regard the authors re-
viewed other literature involving humans as summarized be-
low. It is pointed out that one would like to know the rela-
tionship betwesn impact velocity and mortality, the threshold
of mortality, and the threshold for tolorable trauma, aill an’
functions of the different areas of the body that mly come in
violent contact with hard surfaces.

1. The minimum impact velocity for ikull lr(eburc-
was near 13,5 ft. /sec. which correspomis to an impact en:
ergy of 400 in. ~ibs. Howsver, for impact with a 90-degres
sharp corner, it may require enly 60 in. -lba. of snergy to
produce skull fracture. Thedse values pertain only to the head

striking a surface witbuut the head absorbing ay energy due

to motion of the remainder of the body and aot o the cane

of an individual traveliing horizontaily and undargoing u
head-sn impact. The authors conclude that an impact vels- .
ocity with a hard, liat surface of 13 L. /sec. should prove o
be an acceptable impact velocity for the head of adult man. '

3. The “initial velocity" thnnho‘d tw tucuu of the . Ve

A~46




heel bone of stunding subjects (knees locked) was between 11
and 16 ft. /sec. The maximum impact velocity tolerated by
humian subjects, dropped in a seated position, was reported to
be about 10 ft. /sec.

3. Human fatalities in automobile statistics showed 50 -
percent mortality at vehicular speeds near 33.8 ft. /sec. which
is in fair agreement with the 50 percent impact velocity (26
ft. /sec.) obtained in the study as extrapolated from anima!
tests.

Based on the data discussed in the report, the authore
conclude that one can tentatively tuke 10 [t. /dec. as 'an-on-
the-average safe' impact velocity for adult humans and regard
the probabilities of serious injury and even fatality for man to
increase progressively as the impact veiocity is alevated
above this figure.

. gimmnx of Reference A. 11

This report represents a selective summary of the cur-
rent status of knowledge regardiag biological effects of biast.
Primasy, secondary, and tertiary effects are defined. For
the latter effect, which is of primary concern in & ground-
shock environment, the following conclusions were made:

“It i3 possible to regard the figure of 19 ft. /sev. as
“‘safe' and to believe tentatively atleast, that human injury
tay occur at velocities much above this; that martality may,
on the average, become significantly frequeant {for 'uncoordin-
ated’ impact at veiocities between 15 and 20 ft. /sec., fairly
common between 20 and 3G ft. /eec., and near 130 percen
fatal betwsen 30 and 40 ft. /sec., providing impact occurs
with a hard surface where stopping distance is quite small lud
the stopping time is almost instantaneous.

These concludions were based on the data descrided in
the sarlier report of Reference A. 10. It was alev pointed out
in this report that, “though an animal or man bodily hurled
through the «ir may de dacnaged becruse of differential dis-
placement of difierent portions of the body during the geaeral
process of acceleration - it.is known that the deselerative ex-
parience of siopping can be far more daagersus, I is clear
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that the character of the decelerating surface, the angle and .
area of the body involved at impact, the impact velocity, and
the decelerating time and distance are sach critical factors.
Most hazardous of all (with certain rare exceptions) is, in all
probability, uncoordinated impact against a very hard surface." *

f. Summary of Referance A, 12

This report is concernsd with primary blast effects
caused by variations in eanviroumental pressure, secondary
blast injuries which follow the impact of penstrating and un-
penetrating missilas energised by blast winds, and tertiary
blast effects as a consequence of physical displacement of a
biological target. Tertiary effects are of concern in the
shock isulation prublem. As tentative criteria, displace-
ments involving velocities of 1) ft. /sec. due to decelsrative
impact for a 150-1b. man were considered low enoigh to
avoid significant numbers of surivus head and skeletal injuries.
It ir seen that the tolerance of 10 fi. /sec., an recommanded
in the later reports of Refsrences A. 10 and A. 1]. was a'so
considered in this sarlier report.

g Summary of Reference A, 13

Human injury induced by motion is & complex phea~-
omenon, depending upon attitude of the person (i.e., sitting.
standing, lying down) and the direction and characier of mo-
tion. For cxample. in the case of a standing persva with a
locked knee, if the ground motion is initially upward, the heel
bone may be braken if the initial velative velocity of loot and
supporting surface ia greater than 15 ft. /usc. No fractures
can be expected at relative velocities below 11 ft. /see. The»:
estimates are dased on drup experiments on liviag persuas.

If the ground motions are laitially downward at acecel-
erations in excess of one §., separation ensu. s and the rela-

tive motion of the person and the moving support must be »

studied as a function of time. e
~ Drop sxperiments on skulls from cadavers indicate

that skull fracture can be expected il ralative velocity at con- L.

wct of skull to a bard surface, such as concrete. is 18 it./ .
sec. or more, and serious damage tc the brain can be ‘
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expected if relative velocity at contactis 15 ft. /sec. or more.

The above statements were made regarding shock in-
jury ciiteria for personnel in hardened protective structures.

h. Summaxy of Reference A. 14

Men and dummies were exposed to deck motions on the
USS fullam (DD 474) when large explosive charges were de-
tonated under water. The ceater of gravity displacements
were measured when the subjects were ssated, standing stiff
legged. or standing with knees beant. A comparison of the
mations of the men and dummies is made, and the relation of
the response to the deck motion is examined. Ounly motions
in the vertical direction are considered. In the report the
following general coaclusions were made with regard to the
relationship between vertical shock and shipboarl injury:

). The stiff-legged subject is most vulneradble to the
acceleration and deceleration phases of the ship shock mo-
tions. There were indications of some discomfort for this
stance at an acceleration as low as 15 g. sustained for 8
msec. (peak velocity of 4.0 ft. /sac.) at which time the tests
for this position were discoatinued. The kickoff velocity was
equal to that of the maximum deck velocity.

2. A subject seated in a hard wooden chair might be
somewhat less vulnerable to direct shock than the stiif-
legged subject. No discomfort was experienced by the seated
man oxposed to 15 g. for 8 insec. (peak velocity of 4.0 ft./
sec. ) at which time the tests for this position were discon-
tinued. The kickoff velocity !s about equal to that of the m.4-
imum deck velocity as for the stiff-legged stance. It is
prubable that the shock was attenuated by the chair itsell.

3. A man standing with bent knees svems capadle of
tolerating a considerably larger acceleration than do subjects
{n either of the other twu positions; speciflcally, ao discom-
fort was exparienced duriag an exposiare of over 30 g. for 8
msaec. (peak velocity of 8 It. /sec.). The man's center of
gravity atiains a velocity of about 5 to 10 perceat of the
maximum deck veloeity.
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4. During an underwater explosion, a stiff-legged . B
man or a seated man at a deck position for which the maxi-
mum velocity is about & ft. /sec. will experience a vertical
displacement of about ! it. In areas in which the deck veloc-
ity is greater, scme injuries may occur. ,

5. The particular type of dummy used in the tests
simulated the center of gravity motions of a stiff-legged man
and, poseibly, of a seated man. In its present form, the
dummy does not simulate the motions of a man standing with
bent knees.

The duration of the accslerations which corresponds
to the rise time tn the peak velocity may be of the order of
magnitude occurring during ground shock. However, in the
case of deck motion, tke deceleration phase is in tne order of
50 msec. whereas in the case of ground shock th.se durations
are considerably longer, in the order of a second or seconds.
The significance uf thase differences are presented in the dis-
cussion section,

Data from cother researchers were aleo included in
this report. Men with bent knees on the deck of the YMS
319 werc subjected to accelerations as high as 95 g. for 3.8
msec. (peak velocity of 11,5 ft. /sec. ) without injury. In
drop tests, a stiff<legged man experienced as much as 65 g.
for 4 maec. (impact velocity of 8.4 ft. /sec. ) without injury,
and a man with bent knees was subjected to 220 g. for 3
msec. (peak velocity of 21 ft. /eec. ) without injury. A seated
. mhan was exposed to as much as 95 g. for 3 meec. (peak vel-

ocity of 9.2 fi. /sec. ) without injury, "alibough vihers claim
that this is in the injury region™. . '

i. Sammary of Reference A 19‘

Personnel injuries reasulting from the wartime explos-
ion of a wooden-bull minesweeper, ¥YMS 368, are uruhud
_ with estimated deck motioas. '

The rositions of the personne! at the time of the ex~
plosion were summarized from questionmaize forms; the ex- .
tent of the injuries was taken from medical records, The :
attack geometry was nmmd !rem documnu «urlhlng
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the damage to the hull” and equipment of the ininesweeper, and
‘the deck motions were deduced from the attack beometry
The foliowing conciusions were made:

. 1. Direct or przmary iajury due to the initial accel-
eration phase of deck motion can occur amonag uaprepared
'btandmg persormel when tne deck dcceleratioas are about
50 g fox about 5.5 msec.” (peak veloc1ty of 11. 5 ft. /sec. ).

_ 2. Seconda.ry or ~ollision impact injuries associatel
with the daceleration phase of ship motion can occur among
unprepared personne! whea the deck ‘velocities are ahout

‘15 ft. /sec.

. It is explained that there are two major phasss to
deck-velocity curves, The first is the initial sharp rise to
the peak velocity indicating the acceleration phase. After
the peak is reached, the velocity tends to decrease; l.e.,
thera is deceleration. The duration of the deceleration
phase varies. During the acceleration phase a maa is vulnere
- _able to injuries to interaal! organs and bonss, especially if
he is standing stiff-legged or is seated. Previous rescarch-
ers have accepted as important parameters for this type of
injury, the duration and intensity of initial acceleration ex-
prezsed as a step pulse.

- Durmg the deceleration phase men can leavs the deck
in free flight which may end in collision injury, mostly to
the head or upper body region. Such injuries have also besn
reported by others, At this point it is appropriate to define
injury as it pertains to this study. The main coucera here
is to establish criteria permitting predictions of ship cap-.-
bilit; impairmeat due to losa of persduaael. From this polnt
‘of view, an injury can be defined as a mechanically pruducald
traume. which results in the suapension of a inan's capability
for effective per{ormance of his assigned duties.

1t was found that only two subjectis were injursd by the
direct impact acceieration. These men were standing on oau
leg and ouffercd broken heel or ankie bunes. Indications
are, from these data, that a leve! of 50 g. sustained for
6.5 msec. can csuse primary injury.
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The remaining injuries were of a secondary nature,
probably caused by collision impact. It has been shown that
men standing stiff-legged and men in a scated position on an
uncushioned chair will leave the deck during the deceleration
phase with a velocity which is roughly that of the peak deck
velocity.

It should be noted that thess injury levels are assoc-
iated with a ship where there was no advance warning of im-
minent attack. As a result, men were in random positions,
that is. lounging., relaxed, or attending to various duties.
In no cases was a man tense, crouching, or holding on to a
stabie stracture for balance as he might have been if advance
warning had bean received.

J. Summary of Reference A. 16

This report discusses available information regarding
solid blast injuries that are typica! a3 a result of deck heave,
{.e.. shipboard expinsions.

It i3 siated that the movement of ship's structurss may
be diviced 1ntd two typai as related to personnsl injuries:

1. A movenent of considerable amplitude haviag a
Bigh iaitia! acceleration for a short distance and capable of
cauzing doth direct injuries. such as fractures of the lower
extramities, and indivact injuries, such asin 2,

2. A lower acceluration for & greater distance reach«

ing & commaensurate amplitude a3 in 1, and causing only i{n-

direet injuries by displacing bodies. thus causing bodily in- '
juries wpon lmpn:t with other vbjecis. :

The phaaambnun described in (1) is eﬂcntmly a se-
vere jelt in relation to the human system whereas that in (2),
which involves slover initial body mavemeats. is often re-
fervcad to as a “whipping action", aithough any indirect injur-
{ed may be the result ot ssvere jolts.

It was coucludod ‘that the forces which produce direct
sulid blast injuries are of very short duration (I to 2 meec.)
producing stresscs excaediag the sirength of bones and tissues.
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In a laboratory test of cadavers, a velocity of 12 ft./
sec, was reached in 1.3 msec. without protective shoes caus-
ing fractures of sorne cadavers while those with protective
shoes received no injury. :

~ Live personnel were subjected to an impact of 2.6 ft./
sec. in normal standing position with regulation shoes and to -
5 ft. /sec. while standing on their toes. Although these levels
were not necessarily the threshold of injury, the tests were not
carried beyond these velocities as a safety precaution,

The report presents results of a study of solid blast
with regard to protcctive shoes and mats as summarized be-
low: '

1. Protective shoes and mats will protect standing
personnsl against direct solid blast up to a chec. velocity of
20 f.p.s. However, the danger of indirect injury is still pre-
sent.

2. Human volunteers with and without anti-blast shoes
and mats, were used in the tests on wooden-hull vessels. Un-
derwater explosions occurred in the vicinity of the vessel.

. 3. The volunteers were standing on an open deck and
thorefore not subject to indirect effects), and damage which
wouki have occurred to personnel in other than the standing
position cannot be deduted frum the results

4, Few quantitative results. The volunteers on the
mats felt less shock thar did the control volunteers.

k. Symmary of Reference A.17

Cadave: s were supported in a standing position on a
steel platform and exposed to an impact produced by a steel
hammer atriking the platform from below. The tests were
d esignod to simulate the movement of ship structures when
s ubjected to solid blast effects, to study the mechanism of
parsonnel injury, and to svaluate protective devices.

" It is shown that the forces effective in producing solid-
blast injuries are of very short duration (1-2 mesc.) producing
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‘extremely high acceleratiors (200-800 g.), peak velocities of ’ 1
about 12 ft. /sec., and displacements of less than 2 inches. It '
. is further shown that protection against these forces may be
_afforded by devices which lower to a point within the limits of
‘tissue tolerance, the average and peak accelerations of the
part of the body subjected to solid blast. :

. No conclusions or tentative recommendations are givea -~ - i
for man's tolerance to this type of jolt, although the stated

frupact velocity of 12 fi. /sec. necessary to produce injuries
is consistent with observations by other authors. With pro-
.tective shoes, however, a velocity of 12 ft. /sec. secems to be
tolerable without causing injury.

Lo

1. Summary of Reference A. 18

This paper discusses the acceleration forces, produced
by both the ground-preasure wave and the air-blast induced
earth shock, acting on and within underground sheiters and

trans mitted to the personnel thersin and the acceptable limits
or tolorances that personnel caa withstand with regard to
these forces.

It i» pointed out that the acceleration forces experienced
by personnol in shelters are of an oscillatory nature and of
rather ahort duration (on the order of 10 to 100 msec.), and
that information on huinan tolevances has been obiained only
for situations approximating that of personnel in plane cata-
pults and crashes, parachute openings and landings, and pilot
sjactions where the accelsrations are relatively constant (with
the exception of rulatively slow build-up and decay) and of
relatively long durations (on the crder of seconds). It ie
stated, therefore, that it is necemsary to correlate the exper-
imental data for reiatively conastant, prolonged accelerations
with the situation as it exists in shelters. It s concluded
that prolonged accelerations impose « more severe loading
condition on the body and application of the tolerances for .
these accelerations in conneciion with the ground-shock en- .
vironmenrt would probably be conservaiive. '

It ia contended that authorities are not in agreement as *
to the significance of a jolt, that is, the rate of change of ac- .
celeration with time. Some references indicate that, as the
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jolt increases, there is an increase in the level of accelera-
tion that the human body can withstand corresponding to a
particular type of injury, although this seems surprising in
general. Nevertheless, no conclusions are drawn for the
relatively rapidly applied loads of short durations that may be
experienced by personnel in shelters. Moreover, the paper
does not discuss available literature on drop tests and ship-
board explosions where some quantitative information on the
effect and significance of sudden jolts is presented.

A general discussion is given on soil-structure and
personnel-structure interaction, and recommendations for
tests are listed. The tests, it is stated, should be designed
to investigate two prime items: that of accelerations exper-
ienced and that of the tolerance to such accelerations. No
tolsrance criteria are presented in this report.

m. Summary of Reference A.19

In this report, literature is surveyed to determine
human tolerance to rapidly applied accelerations. Pertinent
hunan and animal experiments applicable to space flight and
to crash impact forces are analysed and discussed. These
data are compared and presented on the basis of a trapesoidal
pulse. The effects of body restraint and of acceleration dir-
ection, onset rats, and plateau duration on the maximum tol-
erable and survivabls rapidly appiied accelerations are shown.

It was found that, by use of proper restraints with
atraps, etc., tolerable values are considerably increased.
For the trapesoidal pulse the tolerable magnitude decreases
as plateau duration increases, and the tolerable magnit e
aleo decreases as the onsat rate increases.

Curves are given indicating injury levels and voluntary
human -exposure levels from variocus test of humans and ani-
mals strapped to padded seats and subjected to the trapesocidal
acceleration pulse. The points on the curves are plotted for
acceleration versus plateau duration and acceleration versus
onset rate. The onset rate would correspond to the jolt or
derivature of acceleration.  For the ground shock environment
the intensity of the jolt would not bhe well known; however,
consideration of puise duration versus scceleration lavel may
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have application in regard to a short duration acceleration
pulse under ground shock. The data indicate that for extreme-
ly short durations (less than 10 msec.) the product of acceler-
ation times time would be of the same order of magnitude; in
other words, the tolerance could be related approximately to &
peak impact velocity. However, for longer duration pulses
the tolerable product increases; in other words, the tolerable
peak velocity increases. This indicates that the use of a peak
impact velocity as discussud in the summaries for previous
references would be conservative for the longer rise times.

n. Summary of Reference A. 20

It is explained that, based on vibration and accelera-
tion pulse tests on humans (not for ground-ghock environ-
ment), the following criteria have been established for person-
nel areas of Air Force weapon systems.

Weapon System Maximum Acceleration in
Personnel Areas
Vertical Horizontal
Atlas Silo L5 0.12%
Atlas Control Center ", .. mounted to reduce ground

shock without impairing op-
erational ability"

» 'ntln 11 (Criteria) 3.0 3.0
(Initial Design) 2.4 0.5
(Revision) 0.5 0.%

Minuteman (Criteria) 1.0 {down) 1.0

: \ 3.0 (up)

(me .. 0.5 0.15%

In m cases, the utun! frequencies associated with

the above ponotuul support systems are less than one cycle

per second. The mode of failure in all cases is based on
impairment of operational capability of all personnel, some
of whom may be standing unsupported end may bde unprepared.
The downward trend in peak accelerstions believed to be nec-
sssary to Achiove the desired protection is clearly indicated
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by the differences between those specified by early design
criteria and those used in the iinal design of the Titan Il and
Minutemar. facilities.

It should be noted that all the suspension systems in-
dicated are pendular and that the maximum horizontal acceler-
ation is fixed more by the practical aspects of the pendulum de-
sign than by a human shock tolerance.

Human shock tolerance is defined broadly as the level
of shock which a person may withstand without impairing his
ability to perform sssential duties. In some cases, the
critical level of shock may be that which produces injury dir-
ectly, and in others that which causes the man to fall down,
indirectly exposing him to injury. Implicit in the shock tol-
erance, then, is the "mode-of-failure",

The following tolerances are suggested as tentative
guidelines for design and it is pointed out that the entire prob-
lem of protection for personnel must be considered from the
viewpoints of facility mission, shock environment, and
modes of failure.

Maximum Acceleration (g.)

Seated and Standing With-
Direction Well-Restrained out Support
Vertical 1.75 0.7%

Radial 1.7% 0.5%0
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SECTION A-5

SHOCK TOLERANCES FOR EQUIPMENT AND
OTHER INTERIOR COMPONENTS

A-5.1 Discussion and Evaluation

a. QCeneral

Available literature on shock tolerances, fragility lev-
els, and shock vulnerability data for equipment, hardware,
and other interior components likely to be housed in hardened
civil defense ghelters is reviewed and discusced relevant to
the effects of ground shock, and conclusions are drawvn which
serve as a basis for the design of shock isolation schemes.

In order to provide necessary shock protection of me-
chanical and electrical equipment and other components housed
within a protective shelter subjected to a transient ground
shock environment, it is necessary that the shock tolerance
of these items be known. With this information, the required
degree of shock isolation may be estadblished. This requires
that the peak acceleration from the ground shock environ-
ment to which the various equipment items and other interior
components are exposed, be less than or equal to the toler-
able accelerations. For linear, single-degree-of-freedom
systems, the peak responses may be cbtained from the struc-
turu shuck response spectra. For more complicated sys-
tems, such as non-linear, discontinuous, distribited mass
and/or two or more degree-of-fruedom systems, the peak
responses may be obtained by employing & time history o: ‘.o
structure motion by using a synthesized velocity or dis-
placement pulse corresponding to the time kistory of the struc-
ture motions ae a forcing function. For linear, but two or
more degree-oi-freedom systems, An appresimate, although
mnservative estimate of the peak responsas may be obtained
by the method of 'normal modes"”, whica makes use of the
shock spectra. In many cases compiicated systems may be
simplified in order to apply the response spectra.

The types of equipment items and their functional re-
quirements for a hardened civil defense shelter will depend to
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some extent on the requirements established for the particular
shelter, i.e., function of the shelter (personnel shelter, con-
trol or communications centers, etc.), the required level of
protection, the time interval on which occupancy should be
based, the required capacity (family or community shelter,
etc.), and other factors. The normal peacetime function for
dual-purposes structures will also be a factor. The basic
types of equipment likely to be housed would include heating,
ventilating, air connditioning, water supply, sanitation, and
clectric equipment, including emergency power supply ejuip-
ment as well as electronic communications equipment, such
as 2 radio receiver and possibly a transmitter. Blast valves
are also likely to be installed. A breakdown of the various
items is tabulated below.

Mechanical

Fans and Blowers

Alr Conditioning Units

Dust Collectors

CBR Filters

Riast Valves

Prime Movers

Silencers

Heat Exchangers

Controls

Storage Tanks (Water, Fuel, or Air)
Oil Purifiers

Air Compressors
Refrigeration Compressors
Air Prcheaters

Sinks

Water Closets

Urinals

Showers

Sews.ge Disposal Systems

Elsctrical

Generators
Battery Charges
Battery Lanterns
Transfer Switches
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v__v.

Batteries

Motor Starters and Motors
Panel Boards

Lights and Lxghtmg Fixtures
Clocks '

Alarm Systems

Switches and Receptac‘es
Relays

Communications

Intercom Sysiems (Teclephionas} -
Radio Receivers

Poesibly a Radio Tunumxttex’
Antennas

Miscellaneous and Other Components

Partition Walls

Furniture and Supply Cabinets

Conduits and Wiring

Pipes, Fittings, Valves, Hangers, Anchors
Mounting Brackets and Hold-down Bolts
Ducts

Diffusors

Dishwashers, Washing Machines and Driers
Cooking Equipment

Refrigerators

Water Coolers

As listed above, civil defense anelter equipment items
may range from relatively heavy and rugged component..
such as motors, fans, biowsrs, pumps and generators to .
relatively small snd iragile items, such as electronic tubes,
Hghts, clocks, alarm systems, rclays, fuses, etc. The
latter are generally senaitive itons, haviig lower tolerance
levels and requiring fine adjustments which must not be ex-
cessively disturbed.

Equipment failures may be oroadly divided into two
classes: temporary and permanent failures. Temporary
failures, often called "malfunctions", are characterized by
temporary disruption of normal operation when a shock or
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vibration is applied. For some cases, subsequent adjust-
ments may be required for restoration of service. Perman-
ent failures are characterized by breakage, resulting in dam-
age so severe that the ability of the equipment to perform its
intended function is impaired permanenily.

The capability of an equipment item to withstand shock
and vibration is conventionally stated in terms cf its "fragility
level”. "Fragility level" is defined as the magnitude of shock,
generally expressed in g.'s of acceleration, which the equip-
ment can tolerate and remain operational; in other words, a
permissible g, level (where one g. is equivalent to an ap-
plied force equal to the weight of the equipment) at which the
equipment will not malfunction or bs damaged. Fragility
data for a particular equipment item are depencent upon its
physical characteristics, thatis, the strength of the item
{frame, housing, and components), and to some extent the
nature of the excitation to which it is subjected. For exam-
ple, an eqguipment item may sustain a single peak accelera-
tion cue to a transient ground shock disturbancs, but may
fail under a vibratory-type input having the same peak ac-
ce'eration amplitude. This effect arises from the fact that
the fragility level for a picce of equipment is actually a tol-
erable peak acceleration of the equipment frame under a par-

- ticular shock test (tolerable in the sense that the equipment
frame, housing, and components were not damaged or dis-
rupted). Howaver, uander a diiferent shock input resulting in
the same peak acceleration of the equipment as a whole, com-
ponents of the equipment may have responded differently. For
this reason, fragility data should be considered in conjunc-
tion with such factors as the natural frequencies and damping
characteristics of the equipment components, compared 1= the
excitation froquency te avold possible resonance, and the ivst
input used 1o determine the tolerance as compared te ihe prob-
able ground shock input.

Reference A. 21 points out that equipments that are
capable of sustaining a fair amount of shock and vibration
gencrally conalst of a housing or chaz.is to provide structur.
al strength and an array of functional components supported
by the chassis. There must also be » proper balanze between
flexiUility and rigidity., For a particular shock motion, the
maximum acceleration experienced by an equipment component
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is dependent primarily upon the natural frequency of the
mounted equipment. The acceleration response of the system
decreases as its natural frequency decreases, Therefore,
components that are susceptible to damage from shock may be
given a degree of protection by mounting them on relatively
flexible structures, that is, by isolating them. However,
this shock isolation may result in a vibratory motion follow-
ing the shock input as 2 consequence of the flexibility intro-
duced to attenuate the shock and may lead to stress amplifi-
cations of the equipment components as a result of this vibra-
tion. Compilations of damage experience (Reference A.21)
show that failure of principal structures and mounting brack-
ets is the most common form of damage. During shock,
structures may not have sufficient strength to withstand the
forces that are applied; during vibration, rescnant conditions
maydevelop, and the relatively undamped structures may fail
due to stress amplifications.

A discussion of equipment vulnerability is prenented in
Reference A.22. This report includes 2 pertinent conclusion
obtained by the Navy during shock and vibration testing of
skipboard equipment, namely, an item of aquipmont well de-
sigaed for vibration was usually very good for shock, whereas
an item that passed shock tests satisfactorily may or may not
have been capable of pascing vibration tests. The reason for
these results was thit many of the equipment itrms tested were
flexible and in resonance with the testing frequencies. How-
ever, the flexibility was usually beneficial for shock if col-
liaion (with adjacent objects) did not occur. It is stated in
Reference A.22 that, '"in guneral, the vulnerability of equip-
ment to shock and vibration is dependent not only on the com-
ponents which make up the equipment dut also on the me.. .ting
of these cumponents in the plece of equipment and also on the
mounting of the aquipment itselfl on the structure or element to
which it is attached. The sensitivity of each item (s depen-
dent upon the overall characteristics of the entire system, and
a change in one part of the system may affect the shock sen-
sitivity of all the connected parts. For example, placing a
transformer on a {lexibie plate mounting may change the char-
acteristics of the trancformer in resisting shock as well as
the characteristics of control equipment muunted on the trans.
toriner. Thus, specifying the level of resistance for individ -
ual items may not be sulflicient. Generally, the item is pant
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of a coordinated system which must remain undamaged to per-
form its mission satisfactorily.'" In accordance with these
comiments, the fragility level or peak tolerable acceleratien
response for the equipment as a whole would be useful.

With regard to items such as ducts, pipes, and con-
nections, etc., it would appear that distortioa rather than ac-
celeration is >f most \mportance, and that the basic problem
is to secure them adequately and provide for such distortions
Reference A. 22 points out that in long structures or when two
¢lenients are connected together and are attached to structures
which may move in diffesent maaners, relative motion muat
he considered and may be a definite source of vulnerability.
Entrances to tunnels, tunnels connscting structures, piping
and shafts, and connections to mechanical and electrical equip-
ment are examples of items which should be sxamined in this
connection, according to this reference.

Referance A.! presents a discussion on equipment
vulnerability zelevant to a ground shock enviroament and
points out that it {s not sufficient to assess vulnerability in
terms of an acceleration only, since the frequency corres-
ponding to this limit is also a factor. it is stated in this
reference that in general, a vulnerability spectrum can be
drawn as a function of some measure of [requency and that
this will have peaks at the natura: frequencies of the pivce of
equipment. If these are close together, possibly a uniform
acceleration vulneradbility may be postulated, aithough this
probably drops down for low frequency inputs. The implica-
tion here is that a piece of equipment will be more vulnerable
to shock if it is mounted o isolated at one of its natural fre-
quencies. The fact that equipment vulnerability is generai.;
tower for low frequeacy inputs is not only because equipmen?
shock isolation at lower frequencies corresponda to lower
renponse accelerations, but it is likely that the natural fre-
quencies of the equipment components would t. .a be higher
and out oi the range of the input frequoncy. [t is pointed out
in Polerence A. | that one need ot gencrally be concerned
with inputs having 8 (requency higher than about 1% to 20
¢.p. 8. for vertical motioa, except near colunns, and about
S ¢.p.s.. even for the highest mode ol lateral motion, for
lwrizsontal motion. These values are based on natural {re-
quencies of structural members within the shelter. 1t is
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apparent that a certain amount of shock isolation would auta-
matically be provided by the supporting structural members.
It is recommended in Reference A. ] that equipment frequen-
cies between 1/2 and 2 times those of the supporting structural
members must be avoided, or provision made for them by
considering a resonance phenomenon with & sustainud harmon-
ic input.

Reference A. 13 mentions that, in general, most items
of equipment, including fairly delicate electronic equipment,
<an sustain shocks which might produce accelerations even
on the order of 2y much as 5 g. provided that the trequency
of the elernent at which this acceleration is experisnced is
relatively high, on the order of 50 to 100 c.p.s. A five g.
acceleration {or an clement having a low {requency would,
however, be much more serious and would produce large rel-
ative displacements. Rueference A.22 makes the same state-
ment.  Although not specifically stated in Refurences A. 13
and A 22, the implication apprars to by that a peak equip-
ment response of 3 g. due to ground shock would generally
require isolation at {requencies below 50 to 100 ¢.p.&.
thereby avoiding possible amplifications due to resonance
with the equipment components having frequencies in the range
of 0 to 100 c.p.s. However, if the equipment frequencies
are lower and in the range of the isolation freguency. ampli-
fications may result and the tolerable peak acceieration of
the system would be reduced.

The most delicate types of equipment in terms of
shock resistance arv reported 1n Reference A. 22 as follows:

a. Rotary drums, such as magnelic memories
b. Cathode ray tisplay tubes

€. Power supply units

. Relajye ¢ iclephone switching eircults

¢. Tape unita and core storage units

ftis stn:cd in this reference that items {a) and (b) may
have Milurc: under operating conditions at acceleration luvels
as low as . g. and iteina wach as (<), {d), and (¢} at con-
siderably grester accalerations, “for example 5o 10 4.*
Relorence A. 13 aiso reports on items {a), (b}, and {2) and
stalvs that ilemas (a) and {b) may have failures at acceleration
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levels as low 25 1.5 g., and items such as (c) at only slightly
greater accelerations if the frequencies correspond to reson-
ance with the natural frequencies of the equipment. Critical
accelerations for these fragile items apparently may be less
than the 5 g. value.

According to many other sources of information in the
field, general tolerable acceleration values applicable for most
items of equipment are presented as abstracted below. In
order to specify a safe tolerance value which covers a wide
range of equipment, these values would appear to be necessar-
ily ccnservative. In addition, the tolerance values for many
of the iteins are based on experience rather than shock tests.
Actual shock tests indicate that considerably higher acceler-
ation values can be tolerated by certain items of equipment.

Reference A.1 states, 'It is not clear at this time
whether any piece of equipment is in fact sensitive to less
than 1.5 g. for the actual type of motion (ground shock mo-
tion) to which it may be subjected'.

Reference A.23 infers that {ew, if any, equipment
items isolated to within one g. would be vulnerable to damage.

Reference A.24 points out that, during shipment by
rail or truck, most equipment sustains a shock of 3 g, or
more without any special shock-resistant packaging and,
therefore, this value can be considered as a zafe fragility
value. However, if special precautions are required to
cushion sensitive components during shipping, a lower fra-
gility level must be assumed. Fluorescent lighting fixtures
(with lamps) have heen tested and fragility levels found wo .
in excess of 20 g.

Reference A.25 describes several shock tests of
fluorescent fixtures with lamps where peak tuierable accel-
erations varying between 29 and 32,5 g. were recorded.

As discussed at a mecting with the Korfund Dynamics
Corporation {Section B-2), they consider that 3 g. for gen-
eral mechanical equipmentand | to 2 g. for {ragile electri-
cal and vlectronic equipment arc safe tolerable shock values.
The values are based primarily on transportation requiranenta
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According to Westinghouse Corporation (Reference
A.26), most of their commercial (not ruggedized) apparatus
(primarily electrical) will withstand up to 5 g. without im-
portant structural damage; however, it is pointed out that a
malfunction may result at this value or even at a lower valunz.
A list of apparatus certified to withstand a response of 3 g.
ot tested) is presented. Ruggedized equipment tested indi-
cated that most such equipment would toler.te a peak acceler-
ation of 20 g. and greater.

Westinghouse Corporation has tested electrical equip-
ment used in the TITAN program (Reference A.26). Tolerable
shock levels ranged from 14 t> 116 g. with the majority ai
about 20 g. However, in scme cases, particular items were
ruggedized to eliminate weak links in the equipment which
otherwise may have resulted in duinage or malfunction at
considerably lower values. This illustrates the large differ-
ence hetween & gencral saje toleraute value, ol say 3 g., for a
wide range of equipment and actual values for particular items
{although the Jiffersnce is partizlly due to modifications).

Reference A.27 presents recommended gro und shock
vulnerability conr-dinates (to be used in conjuncttion with the
design shock ipectra) for various types of mechanical and
electrical equipment. The coordinates are in terms of the
{requency and peak acceleration applicable for both harizental
and vertica, motion. Values are given for shock mounted
and non-shock mounted items and are baged on moderate dam-
age. Values for severe damage are also given. Theee values
given in the summary are considerably higher than the gen-
eral tolerance vaiuea based on transportation requirements.
In every case, the shock-mountad tolerance is higher thu:
that for the saame i‘em not shock mounted. Thia is prchably
due to the fact that the non-shock mountied sydtem (requency
may be closer 1o the frequency of the equipment compaonenta
thereby lowaring the tolerance dun to ampliacations,

Ay discuened during the mecting “ith Space Technolog:
Laberatories (Section 2.3}, it is feli that most wandard equip. -
ment of the type likely to be housed in civil defense sheltore
could generally sustain shock respouses in the urder of 3 to
T g. without laving to be rugpedized,
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During the meeting 2t the Air Force Special Wea-
pons Center (Section B-5) it was pointed out that Reference
A. 2V preseats a summary of test results for equipment. The
test environment data for these tests are generally in terms
of 2 hammer drop distance associated with an impact test.
This information alone is not sufficient to be directly related
to a peak tolerance which can be considered in conjunction
with ground shock response spectrum. However, ior some of
the shock tests, spectra have been recorded which may be
comparable to the ground shock spectra. It was pointed out
that there is a lack of shock test data on commercial grade
cquipment,

As discussed during the meeting at the Naval Ra-
search Laboratory (Section B-7), most equipment can sus-
tain 1 peak acgeleration greater than 3 g., although a sus-
tained vibration of plus and minus 3 g. could cause damage
depending upon the {requency of the motion as comparsd to
the equipment frequencics. However, when isclating equip-
ment to tolerable acceleration response values, low frequency
systems {compared to vquipment {requencies) are achieved and
resonance should not be a problem. In general, the deter-
mination of an appropriate shock tolerance for equipment re-
quires individual consideration by analysis or shock tests,

For other interior compnnents, such as partition
walls, {urniture, cabinets, ductwork, ote., itig probably ne-
~coseary to evaluate the peak shock tolerance for each indiv-
idual item bascd on the strength and {lexibility of the item
and its supports. However, mosat of these items are prob-
ably considerably vagged, although unreinforced partition
walls may be sonsitive tu horizontal acceleritions. I ac-
celerstions aye gyreater than one g., the items will separate
{rom the structure slab unless they are sttached. This aep-
aration could caune pevondary damage due to collision with
tiie floor or uthes nearby ubjecty as well as i ury to per-
sonncl.

b, Goncluslony
Based on review of the data dircuaxed abuve and sume
marized in Sevtion A5 2, the conclusions prosentsd bolow

carytitule recommuonded critnria pertadning tu shack
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tolerances for equipment and other interior components
housed in civil defense shelters. Application of these re-
commendations with regard to this study is presented in
Chapter IV.

Based on transportation and normal shock require-
ments, standard commercial mechanical and electrical
equipment items are known to be able to sustain at least 3 g.
Electronic equipment items can generally sustain 1.5 g.

Actual shock tolerances fur standard commercial me-
¢ hanical and electrical equipment are, in general, higher
than 3 g., and in most cases, 5to 10 g,

Equipment specifically ruggedized to resist shock ef-
fects caa in mosiy cases sustain 20 g. or greater.

[solation frequencies in the range {between 1/2 and 2
times) of the frequencies oi the equipment components should
be avoided in the case where the equipment {8 subjectad to a
vibratory motion. In most cascs, shock isolation at {re-
quencies legs than 10 or 15 c.p.s. for standard commercial
equipmunt and less than 20 c.p.s. fur ruggedized cquinment
will avoid resonance problemas.

Sufficient rattle space muat be provided to accommo-
date relative displacements resulting from the flexibility in-
troduced by the shock mounting.

The elfeet of rocking or tilting motion on the per-
formance of the nquipment must bo considerod.

Mounting connections must be provided with nufficient
strength to carry the forces due tv the peak accelcrations.

In order "o ecutablish the actual shocx tolerdnce lor a
‘ particular item of equipment, testing or analysis iw neces-
sary. Testing s discussed In the (ollowing section (A-6).

For miscellannois interior components, such As par- l
tition walls, furniture, cvabincts, hardware, ductwork, pip- |
. ing, ote., each tem must be evaluated and gufficient *
strength, anchorage, aud Mexibility provided, {
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A-5.2 Summaries of Information
Obtained from References

a. Summary of Reference A.l

This guide advances some data on equipment vulnera-
bility relevant to the ground-shcck environment and points out
that it is not sufficient to assess vulnerability in terms of an
acceleration limit only, since the irequency corresponding to
this limit is also a factor. Itis stated that "in general, a vul-
nerability epectrum can be drawn as a function of some meas
ure of frequency of the input motion and that this willi have
peaks at the natural frequencics of the piece of equipment. If
these are close together, possibly a unifosm acceleration
vulnecability may be postulated, althcugh this probakly drops
down for low {requency inputs.''

The vulnerability to be concerned with is that due es-
sentially to 3 single pulse for low-fraquency inputs or to sev-
eral pulses for high-frequency inputs, but certainly not that
due to a steady state oscillatory input, according to this re-
port. It is stated that "In any cdse it appears that we need not
be generally concerned with inputs having a {frequency higher
than about 15 to 20 c.p.s. for vertical motion, except near

columns, and about 3 ¢.p.s. even for the highest mode of lat-
vral motion, for horizontal motion.”

It is further stato:d “that i the structural design doey
not achiove the necossary dugrev of attenuation of accelera-
tion then the esquipmont may be shock sacunted or the design
maodificd. [t ix usually cheaper and simpler to shock mount
the equipmant except in very special cases.  [tappearys en.
tirely f~asible to limit the shock acecelerations oxperianced by
eguigment to about 2.5 g. lor vertical motion, and poraibly
about 1.5 g, for Forirxantsl motion, Ly appooximate meas-
ures it the slructural design.  Any Iurther revuctions can be
avhkiveed only by unusual methods and require thwore detatled
study amet annlysis. [ is revommeaded that further reduc -
tlons, f nacded, Le obtained by individually shock mounting
vulnerabie pieces of equipment. [t is sot clear at thiv Ume
wheiher any preve of oquigment is in fact sensilitve o lews
than 1.8 ¢ dor the actual type of motion to which it may be
subjucted. It im possible sal higher frequoncy steady
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sinusoidal motions may cause damage to cquipment at lower
accelerations, but this is not pertineni iv the problem. ™

"In order to reduce somewhat the accelerations ncar
the columns, relatively Lnin energy absorbing pads may be
used. These will not achieve a major shock isolation effect,
but they will be of help in keeping high frequencies {rom be-
ing transmitted through the columns.”

It is pointed out that frequencies between 1/2 and 2
times those ui ihe structure must be avoided, or provision
made for them by considering a resonance phenomenon with a
sustained harmonic input.

b. Summary of Reference A. 13

This guide gives damage «ritcria [ur ¢quipment in a
ground shock envirunment and it states that "in general the
aensitivity to shock of a piece of equipment is dependent
not only upon the components which make up the equipment,
but upon the mounting of these components in the picce of
equipment and also on the mounting of the equipment itself on
the structure or element to which it is attached. The sensi-
tivity of each item is dependent upon the over-all character-
istics of the entire system and a change in one part of this
system may alfect the shock sensitivity of all the parts con-
nected tegether. In other words, placing a transformer on a
floxible-plate mounting may change the characteristics ot the
transformer in rosisting shock as well us the characteristics
of control equipment mounted on the transfurmer”.

Wt is stated that, “'in genoral most items of equiprent,
intluding fairly delicate electronic equipment, can sustain
shocks which might produce accelerations on the order of as
much as 5 g. provided that the frequency f the element at
which this acceleration is experienced {# relatively high, on
the order of 50 (o 100 ¢.p.s. A % 5. acceleration fur an
element having a low {requency would, however, be much
more serious and would procduce large relative displacements. ™

Tie most delicate types of equipment in terms of sho.k
resistance are reported as follows: '
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a. Rotary drums such as magnetic memories;
b. Cathode ray display tubes; and
c¢. Relays in telephone switching circuits.

Items such as (a) and (b) may have failures under operating
conditions at acceleration levels as low as 1.5 g., and items
such as (c) at only slightly greater accelerations if the fre-
quencies correspond to resonance with the natural frequencies
of the equipment, according to this report. It is stated that
"such itemns require special shock mounting and substitution
of equipment of another less vuinerable type is desirable."”

¢. Summary of Reference A. 20

It is described in this report that shock response
spectrum can be employed as the primary criterion of dam-
age putential. The selection of equipment or the fecision to
provide shock isolation can be made on the basis of a compar-
isen of the spectrum of the service shock with that of 3 test
shock which the equipment has survived.

The following problems are pointed out:

"Rarely has the model and make of the equipment been
determined at the stage in the design where the decision
whethar or not Lo isolate the equipiment must be made. In the
ususl procurement procedure, the entire {acility design is
conpleted Yefore the flinal selection of equpment. In the in-
terest of pconomy it is desirable to ulilise commercial grade
equipinent wharever poisibie.  To spacify arbitrarily that
the equipmant withstand the service shock without regard for
commercial standards may require that a specially designe.,
anit be congtruvted.

"A furthe® complication arises from the lack of a
cumpreheonsive budy of shock test data un commercial grade
equipinrnl, Ample test data wuald provide the ivolativa sye-
tein designer with a basis for {osming a reasonabie estimate
of the shock tolerance lovel of eguipment in which he ig in-
terested. Many impurtant ilems have never beon tested; in
those instances where tests have been made, the strength ol
the test shock is rarely defined by itz rospunse spectruimn.
In any case, the dala arc widely scattered, ™
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"As an initial step irn. assembling shock test data on
the type of equipment regularly employed in underground pro-
tective structures, a large number of shock-test reports have
been abstracted and the results tabulated (in the report)."

The test environment data for the tests reported is gen-
erally in terms of a hammer drop distance associated with an
impact test. For some of these tests, spectrum were re-
corded which can be compared to the grouvnd shack spectrum.
If the equipment withstood the test and the test spectra is more
than the ground shock spectra, then the equipment is capable
of surviving the ground shock.

d. Summary of Reference A.21

This report does not present any shock tolerances for
equipment, but it does examine the design requirements for
equipment required to withstand shock and vibration. Also,
a discussion of equipment vulnerability, malfunction, and
damage sustained during laboratory tests is presented. The
following data are abstracted from this report:

Equipment of a type required to withstand shock and
vibration generally consists of a housing or chassis to provide
structural strength and an array of functional components. A
suitable design is characterized by (1) properly seloctod or
designed components, (2) chassis mounting to minimize dam-
age {rom shock and vibration, and (3) a chassis capable not
only of withstanding shock and vibration but aleo of providing
a degroe of protection to the components.

Onc of the more troublesome problems in the desig ~ ol
cquipment i3 altainment of the proper balance vetween flexi-
bility and rigidity of the chassie. For a particular shock mo-
ton, v maximum acceleration cxperienced by a component
is determined primarily by the natural freq. .ncy of the
charais supporting the compuneat.  The acceleration decroases
as the natural {requency decreares. Thus, components that
arc susceptible to damage {rom shock may be given a degrev
of protection by mounting thain an a relatively flexible
chassis: howover, if the equipment is requircd to withstand
shock as well as vibration, it is possible that the floxibility
introduced to atllenuate the shock iray lead to a fallure as a
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result of vibration.

Failurc or damage from vibration usually is the result
of a resonant condition, i.e., the chassis or component has a
natural frequency that coincides with the frequency of the
forcing vitration. In some applications, e.g., on naval
ships, the maximum frequency of the forcing vidration is rel-
atively low, and ir becomes feasible in most instances to de-
sign eguipment having ratuial frequencies greater than the
highest forcing frequency. On the other hand, vibration in
aircraft is characterized by relatively high frequencies: as a
consequunce, it is not feasible to design equipment having
natural {requencies higher than the forcing frequencies. A
condition of resonance often must be tolerated. In extreme
conditions, the eftfect of the resonant condition can be allev-
iated by the provision of damping ¢r encrgy dissipation.

Failure of equipment as a result of shock and vibration
may congist of (1) damayge so severe that the ability of the
cquipment to pesform its intended function is impaired per-
manently ur (&) temporary disruption of normal operation in
a mannct permitting restoration of gervice by sunsequent ad-
justment of the vquipment or termination of the disturbance.
For example, & common type of disruption involves excessive
vibration of the clements within an electronic tube. damage
may not oedur, hut the eleciron tube may gonerate spurious
signals and thus be unable to perform its intended function.
Another type of tomporary disruption may occur in a relay or
Circuit hreakor whoere shock or vibration causes unintended
and improper operation.  Normal operation can be restored
rvadily if the equipient (8 accossible to porsonncl {or ad-
justment. Mcanwhile, ecrious consequences may have dove’
oped (rom the disruption.

A record of damage sustained by cquipment during a
ahuck wr vibration tesl i3 significant in omph.sizing the con-
sideralions that ate important in atlaining resistance to dam-
age {rom shack and vibratwa.  Compilations of Jammage ex-
perionce show that falure ol principal chassis and mounting
brackets is the mortl common form of damage. During shock,
a chaimis may hutl have sullicient strength fo withstand the
forcos that are applisd. Duting vibration, rcsonant condi-
tinis may develop aad the relatively undamped chassis may

A-T4




fail from fatigue. Failure of electrical ieads from fatigue is
common, often because the leads are used improperly to sup-
port resistors and capacitors. Failure of electronic tubes is
common, mainly because they are used in large quantities

in clectronic equipment although failure in te rms of percentage
of tubes used is not large. On the other hand, a r :latively
large percentage of incandescent lamps and cathode-ray tubes
experience failure. In some instances, failure may be as-
cribed to the inherent properties of the components that failed;
in other instances, failure is the result of improper installa-
tion.

e¢. Summary of Reference A.22

This report consists of Parts A and B. Part B, repor-
ted herein, gives the theoretical basis for the procedures given
in Part A, Each part contains a chapter on shock effects cov-
ering shock vulnerability of equipment.

The fellowing i8 quoted from this report:

"The problem of estimating shock vulnerability of
vquipment is compiicated because only small segments of in-
formation pertaining to thic topic are available. Even when
pieced together, information in this area is still fragmentary.
As 2 result, the .nformation may have to be revised periodi-
cally as additional information brcomes available.

“Damage or failure of equipment may result {rom irac-
ture or breakage of paris, ylelding or permanent deformation,
misalignment, relative motion between compenents ({or exam.
ple. clwctronic components}, loosening of fasteners, low . vln
high strees fatigue, etc. ',

A comnrehensive summary of shock and vibration
damage was published by the Department of .ae Navy in 1933
(' Damages Resulting From Laboratory Vibration and High-
Impact Shoek Tests,' Bureauw of Ships., Department of the
Navy, Publication NAVSHIPS 900, 185. 11 Scptember 19%}3).
As used herein the term vibration cofers 10 continuing oscii-
tatery motion which may damp out with titne while shock re.
fers o an abrupl trensient distutbance which may be followen
by vibration in many cases. Twu pecrtinent paragraphs of the
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conclusions in this report are quoted below."

'An equipment well designed for vibration was usually
very good for shock, whereas, an equipment that passed
shock tests satisfactorily may or may not have been capable
of passing vibration tests. The reason for these re .ults was
that many of the equipments tested were too flexible and thus
were resonant in the testing frequencies.  However, the flex-
ibility was usually beneficial for shock if collisien did not oc-
cur. Vibration tests were normally pertormed on the equip-
ments first, followed by shock, one exception being lighting
equipments which were shocked before being vibrated because
of the fragile nature of the lamps.’

'One very interesting {act observed in examining the
breakdown of damages is that the greatest majority of the dam-
ages (approximately 90 percent) resulting eicher frain shock
or from vibration can be eliminated in future designs uaing
components currently available. For that matter. in a great
many uf the present designs damages can be sharply reduced
without extensive design changes. The viception would be
those cquipments where it is not possible to raiee the resonant
{requency above test {requencics by methods which would not
unduly increase the severity of the shock test of the unit.'

“The implication of the last paragraph is that often it
ik possible to fabricate hiphly shock-resistant cquipment with
available compencats if proper deosign and shock-proof testing
are undertaken. Tho advent of increased awareness of the ad.
vantages of shock tosting., coupled with the use of solid-state
components, has provided a much larger margin of safety
againit shock dariage for cortain types of cquipmen? ay com
pared *9 carlicr years. ™

“ln gener.l, the vulnerability of equipment to shock is
dependent not only upen the compononts which make up the
equiptnic st but alao upun the moanting o these compohents in
the pirce ol cquipment and alse on the mounting of the cgu.p-
taent itaelf on the structure or elrment 1o which it is alached
ihe sensitivity of cach item s dependsnt upan the wverall
shatacteristics of the entite systam, and o vhange in one part
of the system may alfect the shock sensitivity of all the cane
nocted parts.  In other words., placing a transflormet on a
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flexible plate meunting may change the characteristics of the
transformer in resisting shock as well as the characteristics
of control equipment mounted on the transformer. Thus, spec-
ifying the level of resistance for individual iterns may not be
sufficient. Generally the item is part of a coordinated system
which must remain undamaged to perform its mission satis-
factorily. "

"The type of shock sensitivity depends on the item; one
vaquipment itent may be scusitive to several types of excita-
tion. A good example descrived involved a cabinet mounted
amplificr signal system. Notonly were some of the electronic
components extremely shock sensitive, but in addition the cab-
ine’ framewourk and punels were damaged in shock tests to such
an extent that the rest of the equipment was rendered useless.
Generally the vulnerability levels for equipment can be ex-
presscd in terms of acceleration (torce overioading) or occas-
ionally deflection (relative deflection er permanunt set). Qc-
casionally reference ia made to frequency at which the accel-
eration, etc., would damage the equipment or render it use-
less. Another common criterion invoives steady state vibra-
tion {{requency, acceleration level, and number uf cycles). '

“In urder to mako yse of responiy Epectrum concupls
shomaking a vulaerability analysis for shock it is necessary
that the valnarability criteria {aceeleration or displacvment)
be known an well an the fregquoncy (uy band of (roquency) in
which the damape may oceur, it was on thix base that estim-
ato# of freqiency amt vilnerability of typical equipment itlems
orcscnted in Part A were prepared  Under certain rafte con-
ditivne combinations of digplavement, velacity or acceleration
ceiteria (without a koaowlvilge of {requency range, tar oxas * o)
cat: provide a sufficiont basis fur making a vulserability
ataly. e ™

s sta odd that, in general, ettt . ms of equipment,
ingluding {arrly dolicate oleciranic equipment, can sustain
shacks whi. b sssigh! produce aceeletations even un the ordor of
as much as S g (% tuncs the avieleration of gravily) provided
that the {roquensy ol the clement at which this acceleration is
experienced i3 rolatively high, wn the neder of %0 o 100
cp.8 Abg acceleration fur an clement havini a low (ro-
guency would, huwrves, e much more kefivug,  and would
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produce large relative displacements. "

The nmost delicate types of equipincnt, in terms of
shock resistance, are reported as follows:

Rotary drums such as magnetic memorsies.
Cathode Ray display tubes.

Power supply units.

Relays in telephone switching circuits,
Tape units and core storage units,

cepop

It is stated that, "items such as (a) and (b) may have failures
under uvperating conditions at acceleration levels as low as 2 3.,
and items such as (¢), {d), and (e) at considerably greater ac-
celerations (for example 5 to 10 g.)."

It is pointed out that recent magazine advertisements for
solid state diodes make open claim for meeting the {ollawing
typical snvironments for stable operation,

[nstantancous {{nputlshock - 100G 4.

Continuotis scceloration - &0 g,

Vibration = 15 g. ever {0 o 2000 ¢ p 5. (but no eycle
lunit given « the loads wauld cheioualy be the woak link here).

It i stated that, “the types of vuinerable items in har-
doned structuros are e sany and o diversy o summerise
butl would include duch itema as stility sy atoms, batterigs,
vefrigerating units, electronic equipmant, motors and genera-
tors, bearings, shock mounts, f{astenors, gears. latcbes,
ducty, and persgnnel’. It 14 pointed vul that, "in long strucs
ires, or when two viements are connectid together and are at-
tached to structures which inay move in different manners.
relative moting mast be coesidered and may be a dafinite sovree
of ~uln-rability. Entracces to tunneli, tuancls connecting
structurcs, piping, and shafts, and leads conneciing mechanical
and electrical equipmoent, are examples of ite=< which ahould
be examined in this rerneclion’,

. Summary of Reigronce AL 2)

With regard to equiprant fragility and talerances,
this report presents a general discussion of the basic eleinkn-
tary voacepis invelved. i s stated thal "if the suppurting
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structure is to be shock isolated to a dynamnic lead of bne g. or
less for some reason, little, if any, of the cquipment would
require additional shock protection or special mounting con-
siderauons’’,

g. Summary of Reference AL 24

This report does noet present any shock tolerances for
cquinment but it does point out that studies of shock loadings en-
couniered by equipment during shipping have been reported and
indicate that equipment shipped by rail or truck may experience
shock loadings of 3 g. or more. It is concluded in the report
that if cquipment is normally shipped by rail or truck without
special shock-resistant packaging, and, if equipment is rarely
damaged during the normal shipment, the cquipment can be as-
sumed to have a fragility level in excess of } g If apecial
precautions arc required to cushion sensitive componunts dur-
ing shipping, a lower fragility level must be assumed. Fluor-
cacont ligating fixtures (tixture and lamp) may have tragility
levels in uxcess of 20 g, Several manulacturers have tested
fixtures and can certify minimum fragility lovels of this mag-
nitude. Incandescent lamps and {ixtures generally are not as
shock resistant, and "rugged duty’ lamps are required.

h. Summary of Relerence A &S

Several 4.1t {luvrcscent fixtures with lamps were
shock trsted with the prak tolerable acceleration varying
between 19 and 2.5 g

1. Summary of Refervace A ’s

Thie roport bresents shock telerances for various
electrical siuipment items manulactured by Westinghouse
The items were weted {using the Navy High Impact Machine
angd ather tesl pquipment) by Westinghouse spocilically {or the
TITAN program amd sowne of the shock levels noted are fo.
special ot ruggedized cquipment  In all, 66 iterms were
tested, the shudh levels varyiag (ron. 4o 1k g. The lowest
level of i4 g. was recarded {or t-phase transformers. 14 & ¢
was recorded (nr a 1000-watl mneecury lamp  The highest
level of 116 g was recarded (or a 1000-watt Lamp ballast and
a d42%-watt 2-lamp rcactor. A {lucrescent Lighting lixture
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with lamps, a high-bay lamp, starters, relays, transform- v
ers, voltagc regulators, resistors, transducers and fuses had
tolerances of about 20 g. Switchgear components presented
tolerances of 50 g.

It is stated in the report that ''most commercial (not
ruggedized) apparatus will withstand up to 5 g. without im-
portant structural damage. Functional derangements (mal-
functions), however, may be objectionable even at low peak
accelerations if the component response motion renders the
apparatus incapable of performing its principal military func-
tion even though structurally undamaged."

A list of apparatus certified to withstand a response of
3 g. (not tesled) for the TITAN program is presented and in-
cludes such items as circuit breakers, l-phase transformers,
panelboards with E-frame breakers, multi-motor starters,
overload relays, and timinyg relays.

j» Summary of Reference A, 27

This report consists of Parts A and B, TFfart A, re~
ported herein, gives procedures and Part B presents the theo-
retical basis for these procedures, FEach part contains a
chapter on shock effects covering shock vulnerability of
equipment,

This report describes and illustrates a method of
shock vulnerability analysis based on the response spectrum
which consists of matching the acceleration spectrum with
the vulnerability coordinates {in terms of frequency and ac
celeration) for tae particular class of equipment,

With regard to the vulnerability coordinates, estim-
atcs of typical ranges are given for tolerable "'mits without
incurring moderate damage. Also given are recommended
values corresponding to moderate damage and severe dam-
age. The typical ranges are listed below., Rccommendad
values {presented in the report) for moderate damage lie mid-
way between the typical ranges; and recomnended values for
severe damage arc four times greater than the acceleration
values for moderate damage. It is pointed out that, '"softer
shock mountiny may be used in highly protected structures',
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Estimates of Frequency and
Vulnerability of Typical Equipment [teins

Shock

Item Mounted

_Typical Ranges of

Fundamental FEstimated
Natural Vulnerability
Frequency Level

Heavy Machinery--Mo~
tors, Generators, Trans- No
formers, etc. (4000 1b.) Yes

Medium Wt. Machinery--
Pumps, Condensers, Air
Conditioring, etc. (1000

to 4000 lb.)

No
Yes

Light Machinery--Fans
Small Motors, etc, No
(1000 1b.)

Racks of Communication
Equipment, Relays, Rotat-
ing Magnetic Drum Units,
Large Electronic Equip-
ment with Vacuura Tubes

No
Yes

Small Electronic Equip-
ment, Radios, Incandes- No
cent Lamps Yes

No
Yes

Cathode Ray Display
Tubes

Transistorized Computers,
Fluorescent Liimps and
Fixtures, Nuclear Reac- No
tors Yea

Storage Batteries (All
Types), Piping, and Duct No

Work Yes

c.p. s. g

5-15
1-5

2-8
10-90

20-80
50-450

1.5-4,5
5-25

5220

1-15 20-200

5-35
l-10

20-120
50-250
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SECTION A-6

SHOCK TESTING FACILITIES AND
CURRENT TECIINIQUES USED FOR SHOCK TESTING

A-6.1 Diccussion and Evaluation

This section is devoted to shock testing facilities and
curient techniques used for vibration and imnact testing of per-
sonnel and equipment, It is divided into two parts: "Personnel
Testing" and "Equipment Testing''.

a. Personnel Te sting

A number of shock and vibration testing machines have
been developed to study the physical, physiological, and psy-
chological responses of man w vibration and abrupt accelera-
tion or deceleration, These devices are in current use, prin-
cipally in the military departments, and include mechanical
and electrodynamical shake tables, vertical accelerators,
shock machines, and horizontal and vertical accelerators and
decelerators, e.g., rocket sleds on tracks and drop towers,
See, for exampie, References A.7, A,¢8, and A, 32. Require-~
ments for these shock and vibration machinrs {nclude adequate
safety precautions, safe and accurate control of the exposure,
and sufficient load capacity {or subject, seat, and instrumen-
tation.

Many fundamental studies of cffects of mechanical vi-
bration on man are performed with single-degree-of-frcedom
sinusoidal forces using mechanical and electrodynamical shake
tables. In general, these devices piovide relatively simpic
moticn patterns not representative of actual environments, and
are used principally for systematic investigations of physiolog-
ical effocts of mechanical vibration under somewhat simplified
conditions.

In order to study some of the physiological elfects of
mechanical ibratiun on man, a direct-drive, mechanical-
vibration shake table capable of providing large sinusoidal ver-
tical displacements has neen designed and constructed by the
Naval Research Laboratory (Reference A,28). It is used for
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a long~range research program at the Naval Medical Research
Institute and is designed for a maximum tablelcad rating of 200
lbs. at any combination of displacerien’s and frequencies not
exceeding a 15 g. peak acceleration. The frequency range is
2.2to 50 c.p.s. The excursion or total travel is variable
from zero to four inches and may be changed continucusly
while the machine is operating. The essentially harmonic
motion of the table occurs only in the vertical direction.

The Wright Air Developinent Division houses a shake
table designed for sinusoidal motions in either a horizontal or
vertical plane (Reference A,7). This device is used for study-
ing human tclcrance and biodynamic problems at large-ampli-
tude vibrations and also for testing seats, harnesses, and
other equipment. It can operate in the frequency range from
2to 30 c.p.s. and has a maximum acceleration rating of
ahout 20 g. (at the higher frequencies). The double amplitude
is adjustable between zcro and 9 inches. In actual studies
of human tolerance, the machine produced vertical accelera-
tions in the order of 2 to 3 g. in the {requency range between
3 and 10 c.p.s. (Reference A, 8).

Other shake tables widely used for human factors re-
search include the U. S. Army Medical Research Vibrator
at the Army Medical Research Center, Fort Knox, Kentucky,
and the Boeing Human=Vibration Facility at Wichita, Kansas
(Reference A, 28). The former device can produce either ver-
tical or horizontal motions throughout the frequency range
from 5 to 2000 c.p.s. The maximum displacement (double
amplitude) obtainable is 0.5 in. which decreases as the fre-
quency is increased. Accelerations up to 10 g. are pos-
sible with a 280-1b. load and 20 g. with a 100-lb, load. The
Boeing facility is capable of producing sinusoidal motions ot
either constant amplitude or varying amplitude in the vertical
plane, Vibrations between | and 30 c.p.s. with amplitudes
of 20 in, at the lnwest frequency up to 1/64 in. at the high-
est frequency are produced,

Since the law of linear superposition is valid only in
the linear physical domain, sinusoidal torces alone are not
adequate for the study of non-linear physical responses or
physiological and psychological reactions to complex force-
time functions. Therefore, some machines have been
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designed uniquely to simulate to some extent certain actual
environments. These devices are referred to as motion
simulators. A vertical accelerator, for example, (Refer-
ences A.7 and A, 28) employs a friction drive mechanisin to
permit the simulation of large-amplitude, low-frequency sine
usoidal and random vibrations, such as those encountered in
buffeting during low altitude, high-speed flight or those antic-
ipated during the launch or reentry phases of spacecraft.

This device can be programmed with random o: periodic vi-
bralious aud iransicui acceicration patlorus obtained from ro.
cords under actual flight conditions, It is located at the
Wright Air Development Division and can produce vertical
sinusoidal motions with an amplitude of + 10 ft. with an ac-
celeration limitation of + 3.5 g. between 0.3 and 10 c.p. s.
In addition, an auxiliary vibrator can shake the platform
horizuntally with sinusoidal vibrations and is adjustable be-
tween 10 and 20 c.p. 8. up to 0. 12 in. amplitude.

A six-degree-of -motion simulator located at the Aero-
space Medical Research Laboratories, Wright Patierson Air
Force Base, will be operating in the near future. The pur-
pose of this facility will be to explore human tolerance anu
performance under high-level angular and linear oscillations
as anticipated during the reentry phase of space vehicles,
low=altitude, high-speed flights of airplanes, and operation
of escape systermns at high speed. Simultaneous operation of
all six degrees of motion with programmed acceleration pat-
terns will be poesible with this device which will have the
capability of producing vertical lincar motions from zero to
30 c.p. 8. The maximum vertical displacements will be var-
iable from 0 to atout 10 in., and linear transverse and lou-
gitudinal motions will also be produced from 0 to 30 c.}. .
with maximum displacements variable from U to about 8 in.
Motions in »oll, pitch, and yaw will be from 0 to 30 c.p.s.
with a maximum displacement of plus or minus 15 degrees in
roll and pitch, and plus or minus 10 degreec  in yaw.

Other machines for the study of human tolerance to
ejection from high-speed aircraft (eiection seat) have upward
or downward acceleration tracks with sliding seats projected
by explosive charges. Horizontal tracks with rocket pro-
pelled sleds which can be stopped by special braking mechan-
isms have been used to study the effects of linear '
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decelerations similar to those occurring in automobile or air-
craft crashes. These devices produce force or acceleration-
time functions which are approximately trapezoidal in shape.
In actual teste with human subjects (Reference A.7), rates of
onset of acceleration up to 1,400 g./sec. with plateau dura-
tions of 40 g. have been used, although the capacity of the
machines is generally higher. (See, for example, References
A, 28 and A, 32),

In the simulation of shipboard shock motions, the U.S.
Navy high-impact shock machine has been used for tests on
personnel and cadavers (Reference A.17). (A description of
this device is giveu in the next section entitled "Equipment
Testing'.) In some studies to investigate shipboard shuck cf-
fects on perscnnel, actual underwater explosions have been
conducted against a ship. Devices which simply drop subjects
from predetermined heights have been employed in other
studies to determine impact effects resulting from falls, par-
achute jumps, automobile and aircraft crashes, and related
decelerative phenomena (Reference A, 10), Various impact
velocities may be gen:rated depending upon the height of {free
fall,

To date, there have been no puvblications of tests or
testing devices which were designed specifically to deter-
mine human tolerance to shock motions typical of those en-
couvntered in underyground protective structures. As discussed
with representatives of the Lovelace Foundation, DASA, and
the Naval Medical Research Institute (Sections B-4, B-6 and
B-8, respectively), shock tesiing to determine human tol-
erance to shelter motions would involve a somewhat elaborate
program, particularly for civil defense shelters, since .
wide range of age groups, physical characteristics, and body
posiiions (sitting, standing, reclining) are involved. For ob-
vious reasons, test results obtained on healthy young sub-
jects (who are likely volunteers) would pro.ably not be repre-
sentative of tolerances nor of physical characteristics for
other age groups. Nevertheless, studies using seiected vol-
unteers are well worth making providing care is taken in the
interpretation of the data. With regard to future studies, the
Air Force Special Weapons Center is considering performing
testa on personnel in connection with the Minuteman Weapon
System using the abovementioned six-degree=of-motion
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simulator at the Wright Patterson Air Force Base (Section B-5),

b. Equipment Testing

A great number of devices for shock testing of equip-
ment are in use, particularly in the military departments.
The individual capabilities of these devices vary widely in ac-
cordance with the shock requirements of, and the type of
equipment to be tested, by each device.

In principle, shock testirng is concerned with laboratory
reproduction of equipment damage analogous *o that occurring
in field service. The effect of a shock motion on eyuipment
depends not only upon the characteristics of the motion but
also on the properties of the equipmeut and its mounting, In
geueral, the chock motion that cccurs in any given field con-
dition is affected by many variables, and the tharactervistice
of the motion vary significantly frou: oune cccur.ence to the
other. Thus, shock machines, in general, have not been de-
signed to simuliate a given shock condition, but rather to gen-
erate shock motions which have a damage potential at least as
great as any probable field shock for which protection is re-
quired (Referecnces A, 29, A. 30),

There are basically tbhree methods of specifying shock
tests (Referencea A 13, A.20, A,24, A,29). First, a shock
motion can be specified, A shock teat then consiasts of
causing the points of attachmen! of the item under test to par-
take of this motion, Since one of the invet characteristic fea=
tures of shock motiona is theil infinite variety, an "equiva-
lent" motion is usually specified in terms of a sudden veloc-
ity change or as an accecleration pulse devoid of dominan. f:a-
quencies. Second, a shock spectrum can be specified. A
shoc.i test then consists of causing the points of attachment of
an item under test to partake of a motion that hau this apec-
trum. Third, a shock machine can be ipe. lied together with
a procedure for its operation. A shock test then consists of
mounting ths test itam to the machine in a prescribed manner
and of operating the machine according to the given procedure,
This method of apecification requires that those responsible for
the test provide a machine which generates appropriate shock
motions, or spectra, thatis, a shock with the damage poten-
tial as may be rcquired,
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Reference A.29 mentions that the first and second me- .
thods of specifying stock tests are somewhat similar and im-
practical of achievement unless the items under test are per- ‘
fectly rigid or relatively light. The cause of the difficulty is
the reaction of the load on the test machine, thatis, the infln- ‘e
ence of the shock-machire loading on its shock motions or
spectra. This reaction causes the applied shock moticns to
become dependent upon the nature of the equipment under test,
so that, unless large variations are permitted, the test can-
not practically be made as prescribed. The only practical
solution to this problem, according to Reference A.29, is to
consider specified values of shock motions or spectra as nom-
inal values.

In the specification of a test shuck motion, it is con-
sidered necessary to specify both maximum acceleration and
velocity damage because most equipment items comrpise com-
ponent structures with a wide range of natural frequencies
having responsee to a shock motion which may vary widely
depending upon the ratios of the duration of the shock loading
to the natural periods of the equipment components (Reference
A, 30), Similarly, in the specification of a shnck spectrum,
it is necessary to specify the spectrum throughout its {re-
quency range.

A number of shock testing machines have been de-

veloped for general and special purposes, particularly for

the qualification of equipment for military service, See, for

example, References A, 13, A,20, A.23, A.24, A, 26, A, 29,

and A, 30-A, 33 and Section B, 7. Among some of the charac-

teristic types of shock s produced with certain of these de-

vices are (1) velucity shncks or step velocity changes; (2) .
. simpl« shock pulses, such as a half-sine acceleration pulase,

a rectangular forco pulse, and a sawtooth acceleration pulse;

(3) single complex shocks; and (4) multiple sh~cks.

Several devices produce shock motions having spectra .
which are generally equivalent to the spectra that define the . h¥
shock used as & busiv fur the design of equipment in hardened
construction sites, These devices include the U, S. Navy
high-impact shock machines for lightweight and mediumweight .
equipment, a medium-impact sand drop table, and a vari- .
pulse drop table,
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The Navy machines (Reference A, 29) were developed
primarily to certify naval shipborne equipment for shocks of
the nature and intensity that might occur on board a ship that
is subjected to severe, but sublethal, noncontact underwater
explosions. They are intended to test equipment that will be
secured to or mounted on bulkheads or decks.

The machine for lightweight equipment is used for
items weighing .p to 250 lbs. The machine can apply shocks
along three mutually perpendicular axes (one at a time).
Vertical shocks are induced by allowing a 400-lb. weight to
fall vertically and strike the top edge of the teat equipment
mounting plate. Horizontal shocks are produced by allowing
a 400-1b, hammer pendulum to swing through a controlled arc
and strike the back of the equipment mounting plate. The
mounting plates can te rotated 90 degrevy so that the hammer
strikes the edge of the plate, thereby inducing a shock along
the third orthogonal direction. Typical acceleration spectra
obtainable with this machine for a 57-lb. rigid loud and a one-
ft. hammer drop are characterized by limiting dizplacements
of about 1. 7 in., limiting accelerations of about 2000 g., and
limiting velocities of about 90 in, /sec. which rise to about
300 in, /sec. near an acceleration of about 500 g.

The Navy machine for mediumweight equipment is used
for ohjects weighing up to approximately 4500 lbs. This ma-
chine consists principally of a 3000-1b. hammer pendulum and
a 4000-1b. anvil. The hammer can be dropped from a con-
trolled maximum height of 5.5 {ft. so as to swing around on an
axle and strike the anvil on the bottom, giving it an upward
velocity. The anvil {s permitied to travel a maximum dis-
tance of 3 in, before being stopped by a ring of retaining bu:.s.
For a 4423-lb. rigid load attached to this device, and a 5. 5-ft,
hammer drop, typical shock spectra ars characterized by a
limiting deceleiation bound of about 500 g., a limiting dis-
placement of about 3 in., and a limiting velocity of abuut 130
in. /aec., which increases sharply to about 600 in./sec. near
the limiting acceleration of 500 g.

The sand drop machine mentioned above was developed
for the U, S, Air Force for investigations of shock effects on
airborne equipment, It consists basically of a drop table the
fall of which is arrested by a sand box which {orms the base
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of the machine, An adjustable number of blocks, attached to
the underside of the table, penetrate the sand and determine

the magnitude and duration of the stopping acceleration. The
machines are made of different sizes so that loads up to about
1200 lbs. can be accommodated. The height of free fall may
be varied at will to a maximum of 5 ft. Thereforc, velocity
changes up to about 18 ft. /sec. can be produced. For a free
fall of 13 in. and with a test load of 150 lbs., this device pro-
duces a shock spectrum having a peak velocity of about 90 in./
sec. and a maximum acceleration of about 100 .

The abovementiored varipulse drop table is a recent
modification of the sand drop table. Carefully shaped Jead or
rubber-like pellets are used in lieu of the sand and wooden
blocks to arrest the fail and produce a pulse of desired shape.
Maximum equipment weights of about 40v lbs. can be accomn ~
modated with this device. Ropresentative shock spactra are
similar tu that of the sand drop device. Peak velocity chan-
ges of 18 to 20 ft. /sec. can be produced.

It is noted that the size and weight of equipment that
can be tested on the sand drop or varipulse shock machines
are limited, Furthermore, the drop machines induce ver-
tical shocks only, and special aquipment mounts must be em-
ployed to orient the equipment parallel to the vertical axes of
the test structure so that shocks can be delivered along other
axes. Several modified drop test machines have beon de-
signed to overcome this mounting difficulty. Theae include
ramped slides, trapese mounts, and horizontal buffcrs.

It should be recognized that a variety of shock spoeuira
arec obtainable from any particular machine depending upou
the mode of operation. ‘Che spactra are influenced by the
weight of the equipment under test, by the method of attaching
the equipment te the machine, and by the energy input to the
machine, (i.e., by the height of the hamme: pendulum fall
in the case of the Navy machines or by the height of free fall,
including the block arrangement, sand density, or pellet ar-
rangement in the case of the drop testing machinos). For the
Navy machines, the height of hammer blows should be apoci-
fied so as to provide a shock test spoctrum which cyuals or
exceeds the design (ground shock) spectrum througnuut dic
frequency range, This requircs that the height of the hammer
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. drop be selected to induce a load velocity equal to or greater
than the specified response-spectrum velocity. When pre-
paring drop test specifications, the height of fall and the
block and sand {or pellet) arrangements should be selected on
the basis of acceleration requirements; the resulting displice-
ments and velocities will generally exceed specified spectrum
values,

Weight limitations of both the Navy high-impact shock
facilities and the drop teat mackines puse the problem of how
to test large and heavy units of equipment, such as dicsel en-
gincs and refrigeration compressors. In some instances, this
problem has been resolved by subjecting the equipment to
simple drop tests wherein the equipment is allowed to fall
freely {rom a predetermined height onto a rigid or resilient
base., The height of the drop is the height which results in an
impact velocity equal to the maximum spectrum-velocity
bound. The resiliency of the base agsinst whicu the equip-
ment collides determines the experimental spectrum acceler-
ation bound, which should equal or exceed the specified bound,

Selected equipment items have been tested under various

Federal programs for use in hardened construction sites
{Reforences A, 24 and A, 26). Some tests for hardened-site
equipment have usually been performed with drop-type test
t.achincs (References A. 23, A, 26). For example, in the cer-
tification of certain electrical and electronic equipments for
the Titan Weapon System, twe drop testers have been em-
ployed: a sand drop table and a 'trapeae” spring drop table
{Reference A, 26}, The method of certifying the equipment
consisted basically of exposing the equipment to a shock which
had a shock specirum that equaled or exceeded a specif, .-
Titan ground-shuck s¢pectrum throughout its frecuency range.
The sand drop table employed in the tests is basically the
same b8 that described carlier. The spring drop table cun=
sists basically of a platform which ia rel .seu from a prede-

’ termined height and which is arrested by an assembly of

. spring-loaded snubbing blocks. Its shotk motions, or spec-
tra, are controlled by varying the spring tension and the
height of fall.

. Tests have beon conducted on equipment to be mountad
upon shock-isolated {loors and structures by using spring-
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mounted test platforms or by using the actual shock-isolated
floors or structures (Reference A.23). With regard to the
Minuteman Weapon Systcm Launch Control Center, shock
testing of its air-spring suspension equipment platforin with
the equipment mounted on the platform is contemplated using ',
a shock-testing facility at the Air Force Special Weapons
Center (Sections B-3 and B-5). Some experimental studies of
responses of missiles and their shock isclation structures
have been carried out at actual hardened sites. Basically,
these studics consisted of displacing the isolation structurcs a
predetermined amount by some type of jacking mechanism and
then relcasing them so that the respunses could be measured
and compared with thenrcticai predictions.

A-4.2 Summaries of Information
Obtained from References

a, Summary of Reference A, 7

This referunc: presents a section devoted to a discus-
sion of methods and instrumentation used for mechanical
shock and vibration studies on man and animals. A summary
of the characteristics of shock and vibration machines used
for human and animal experiments, »s well as the ranges of
time and accoleration obtainadle with certain devices. is pre-
sented., References are made to papars describing the use of
the .nachines for biojogical purposes.

It i¢ stated in the discussion thal the desira to study
the physical, physiological, and psychological respunses of
bivlogical specimens in the laboratory under well-controlle..
conditions has led to the use uf standard and specialised shuek
and vib.ation testing machines for experiments on man and
animals, An accurele simuiation of the environmental cons
ditions to which inan is exposed [reguently is Jt feacible for
technical and sconomic resnans ne may yven be undesirable
because of a need for more systematic investigation under
somewhat simplifivd conditiony, Thus, most investigations
are limited to & stndy of a single degree of (reedom at a time
in which the human teet speciman is vibrated only in one .
direction. Many fundamental studics are performed with
sinusoidal forces. Usually mechanical and electrodynamic
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shake tabies are employed f{or this purpose. Requirements
for all shock and vibration machines include: adequate safety
precautions, safe and accurate control of the exposure, and
sufficient load capacity for subject, seat, and instrumenta-
tion. Since the law of superposition is valid only in a linear
physical domain, sinusoidal forces alone are nct adequate for
the study of non-linear physical responscs or physiological
and psychological reactions to complex force functions. -
Therefore, some of the machines listed are designed uniquely
for exposure of humans. One vertical ar~-alerainv, for exs -
ample, employs a friction-drive mechanism to permit the
simulation of large-amplitude sinusoidal and random vibra-
tiong, such as those encountered in buffeting during low-alti-
tude, high-specd flight or anticipated during the launch or
reentry phases of spaceciaft. This davice can be programmed
with accoleration recurdings obtained under actual flight cou=-
ditions. Other machines for the study of human tolerance
to ejection from high-speed aircraft (ejection seat) haveup-
- wrrd or downward acceleration tracks with sliding seats pro-
" jected by explosive charges. Horiacntal tracks with rocket-
propelled sieds which can be stopped by special braking me-
chanisms have boen used to study the effects of linear decel-
erations similar to those oucurring in automobile or air-
craft crashes,

b. Summary of Reference A. 8
See Section A-4.2h,

¢. Summary of Rererence A, 10
See Saction A-4.24.

d. Summary of Reference A, 13

This relarence ccnlaing a section de .ted to a discus-
sion of shock testing of equipmunt for bhardened congtruction
sites,

It is siated that it is usually possible, in connecting
equipment to a structure, to arrange o have the tonnecting
elements provide some {lexibility of deformability so as to
permit the element to axperience a lower acceleration than it
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would have if it were connected through a rigid connection to

a moving base. Because of the wide variety of mounting con-
ditions, it is desirable to investigate the behavior of the equip-
ment system, including its connections, preferably by means
of tests of a standardized nature, involving subjecting the '
equipment and its typical nmiounting to a shock input similar to

that which might be experienced under practical conditions.

Such shock testing can be done with equipment in government

laboratories or on shock tables or other sirnilar items of

she k testing equipment. and the design of equipment an!

mounting configucations is best carried out with a trial and

error procedure which involves retesting of such items until

a satisfactory sclution is achieved for » standardiszed iype of

input. Usually this input is stated in terms of a particular

kind of velocity ~time relationship for the basze plate or part of

the structure where the equipment and mounting are to he at-

tached.

It is also stated that shock testing of items, including
both the squipment and typical mountings, can be perforined
on the high-impact shock-testing machines at the Naval Re-
ssarch Laboratory, and the results would be applical:le to the
situation in a structure cubjected to an earth shock provided
that the shocx input on the shock-testing rnachine leads to a
response specirum siwnilar to the response spectrum from
the ground shock environment.

It is further stated that, in order to use the data on the SRR
high-impact shock -testing machines for the purpose of investi- :

gating the behivior of equipment subjected to ground shock in

a protected structure, one must asceriain that the kind of

motioh of the shock wablc corresponds o the mntiva of tae

structure suljucied to ground shoek, It is suliicient, how-

aver, *hat the response spectra for the two kinds of shock in-

put be similar. If they are reasonably similar in shape amd

magnitude, then the results of the shock test an be used in

designing equipment for field conditions, Lf they are differ-

ent, then it may be possible still 1o use the data to iavesti-

gate the vulnerabiiily {0 sbock of the item of equipment, and

of its mounting, by deriving from tke available shock -tast

data the combinations i frequency and cither velocity or ac- .
celeration which produce damage o the particular item of

equipment. Such analyses of available shock data have not yet
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been made except in isolated cases.

e. Summary of Reference A. 17

See Section A-4, 2k.

f. Summary of Reference A, 20

This reference presents a discussion of shock testing
and shock-testing machines with emphasis on those machines
which can simulate the effects of the design ground shock
environment, Several wave forms {shock pulses) generated
by different devices are presented, Each of the wave forms is
classified asbeing one of three general types: velocity shock,
simple shock pulse, and single complex pulse, The influence
of shock-machine loading on output characteristics is dis-
cussed. Several of the standard shock-testing machines used
most frequently in validating equipment for underground pro-
tective structures are described in some detail. These include
the U, S, Navy High-Impact Machines for Lightweight and
Mediumweight Equipment; a Medium-Impact, Variable-
Duration. Shock-Testing Machine; Plastic-Pellet Drop Tables;
an Inclined-Plane Testing Machine; and the Hyge Shock tester.
Improvised shock tests are also discussed. Itis mentioned
that, if a shock test spectrum envelopes the design spectrum
at all frequencies, presumably the equipment will withstand
the service shock successfully,

g. Summary of Referance A.23

This reference presents a section devoted to a discus-
sion of shock testing of equipment for hardened facilities.

It is mentioned that the shock capabilities of equip-
ment for hard rites have been determined by two principal
methods in the past: (1) dynamic analysis u.d (2) shock test,
usually with & drop-test machine, It is also mentioned that
relatively inexpensive tests have been peiformed on equip-
ment to be mounted upon isoiated floors and structures by ua-
ing spring-mounted test platforms or by using the actual
shock isolated structure.

It is stated that, '‘shock tests using the machines which
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are presently available are less than satisfactcry for a num-
ber of reasons. The first is that they do not reproduce the
environment., The present-day machines frequently subject
the equipment to a step-velocity disturbance."

""Step-velocity pulses penalize both low and high fre-
quency systems., The high-frequency systems are penalized
because there is no limit on the acceleration which can be
imposed on them."

"More and more, machines are being used which pro-
vide an acceleration ramp prior to the constant velocity por-
tion. Thatis, a short period of acceleration precedes the
constant velocity., These types of pulses can penalize low-
frequency equipment rather severely, since low-frequency
systems rea the pulse as a step velocity even though there
may be a ramp in the pulse.’

"“The principal parameters which an acceleration-
ramp-velocity pulve of a shuck machiue should have can be
determined from the shock-response spectrum of the environ-
ment. The acceleration ramp has the acceleration value of
the spectrum constant acceleration line and the maximum
shock-pulse velocity should equal the maximum spectrum vel-
ocity. In most ground shock situations, there will be verti-
cal and horizontal ground motions occurring simultaneously.
Properly speaking, a shock machine should deliver distur-
bances to eguipment along several axes at once. In order to
do this, the shock-pulse parameters should bs obtained from
a vectorial addition of the vertical and horisontal ground
shock spectra, and the squipment should be mounted in the
machine at an angle so that the shock is applied along sever-
al axes simultancously, Unfortunately, this appears not to
bave Neen done in the past, which seems to be unconserva-
tive. Instead, the equipment has been subjected to the shock
along each prin:ipal axis separately which =~ay not be equiv-
alent to a simuitanecus application along several axes.”

h. Summary of Reference A, 24

This reference contains a sectivn describing veveral
shock -teating facilities which produce shock motions having
spectira generally equivalent to typical ground-shock design
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spectra. These facilities include the U. S, Navy high-im-
pact shock stands for lightweight and mediumweight equip-
ment, a sand-drop gshock machine and a varipulse shock ma-
chine. Representative shock spectra for these devices are
presented, and methods of specifying shock tests are dis-
cussed. These methods include the specification of shock
motion, spectra, and shock machines, Improvised shock
tests are also discussed,

i, Summary of Reference A, 26

This reference describes shock-testing procedures and
testing facilities used by Westinghouse to certify equipment
for the Titan Weapon System. The method uf performing the
tests consisted of exposing the equipment to a shock which had
a spectrum that equaled or exceeded a specified Titan ground-
shock spectrum throughout its frequency range. To produce
the necessary shock spectium, two drop teste.s were em-e
ployed: a sand-drop table and a ''trapeze’ spring-drop table.
The sand drop table consists basically of an equipment
mouaiing platform which is allowed to free fall ontu a bed of
sand. An adjustable number of blocks attached to the under-
side of the platiorm penetrats the sand to arrest the fall, The
shock spectrum can thus be controlled by varying the number
of blocks, the density of the sand, aud the height of the fall.
The spring=-drop table consists basically of a platform which
is released from a predetermined height and which is ar-
rested by an assemoly of spring-loaded snubbing blocks. The
shock spectrum can be controlled by varying the spring
tension and the height of fall,

J» Summary of Reference A, 28

This report briefly describes the pr rposes, design
principles, motion capabilities, and control and safety fea-
tures of some forty facilities designed to » .dy the effects of
linear and angular oscillations and of abrupt acceleration on
human safety and performance. Some facilities presently
{1961) under study but not yet built are also included. Photo-
graphs or achematic drawings of the design are pissented for
those devices for which they are available. The report in-
cludes the geographical locations of the facilities and the con-
tact point for obtaining further infurmation on each,
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In general, only devices built specifically for human
factors research and which have been used for this purpose
are listed. Only a few devices are listed which have been
used for animal, dummy, or equipment tests rather than for
tests on humans. These are listed because of their potential
interest for experiments using human subjects.

A brief survey of the characteristics of most of the
devices described is presented in a summary chart on oscil-
lation and impact devices. In this chart the devices are
grouped according to their motion capabilities, The described
motion capabilities include: (1) vibration in a vertical line;
(2) vibration in a longitudinal line; (3) vibration in both a
longiwdinal and vertical line; (4) vibration in a vertical,
lateral, and lengitudinal line; (5) rotation in a horizontal
plane and in one vertical plane; (6) rotation in three planes;
(7) lincar vibration and rotation combined; (8) sustained ac-
celaration and linear vibration; (?) sustained acce’aration,
linear vibration, and rotation; (10) rotation in a horisontal
plane and in one vertical plane; (11) rotation in three planes;
{12) linear vibration and rotation combined; (13} sustained ac-
celeration and linear vibration; (14) sustained acceleration,
linear vibration, and rotation; (15) impact or abrupt accelera-
tion {n the vertical direction’ {10) impact or abrupt accelera-
tion in the horizontal direction.

According to the data in this reference, the maximum
acceleration obtainable with a certain oscillatory device is
about 20 g. in the high-frequency range up to 2000 c.p.s.
The maximurm acceleration obtainable with the oscillatory de-
vices generally decreases as the frequency decreases. In the
frequency range from about 8 to 50 c.p. 5., a certain de-
vice can deliver up o 15 3. In the low-frequency range bs
tween about one and B c.p. 8., certain large amplitude de-
vices can deliver accelerations in the order of 3to 5g., and
even higher above 5 c. p.s. Certain devices ° r simulating
angular motions in roll, pitch, and yaw can produce ar
accelerations on the order of about 18 to 20 rad. /sec. .
Ceartain impact or abrupl acceleration davices, mainly drop
towers, can deliver about 40 to 50 g. for durations irom
about § to 10 msec. Other devices, mainly rocket sleds on
tracks, can deliver about 80 to 100 g. for durations in the
order of 10 o 1000 msec. In general, the acceleration
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obtainable with certain impact and abrupt linear accelerators
(as well as decelerators) decreases as the duration increases.

k. Summary of Reference A, 29

In this reference, descriptions are given of the Navy
High Impact Shock Machines for lightweight and mediumweight
equipment. Shock motions are given for standard luading
conditions in terms of acceleration, velocity, and displace-
ment-time rclations, Maximum values of velocities and dis-
placements, and of accclerations passed by verious low-pass
filters, arc presented. Shock spectra are presented for se-
lected conditions. Concepts relative to the specification of
shock tegts are considered. These include brief considera-
tions of analyses of shock motions, methods of specifying a
shock test, and what is meant by simulatio.. of field condi-
tions. It is indicated that shock tests should not be specified
in terms of shock motions, or spectra, unless the values
specified be considered only as nominal values.

I, Summary of Reference A. 30

This reference provides descriptions of existing types
of shock testing machines and commants on their use. Also
presented ars a discussion of the damage process in equip-
ment subjected to shock, an analysis of various shock motions
and the resulting reapanses of equipment to indicats reguire-
ments of a shock testing machine for simulating various types
of shock occurring in actual service, and the possibilities for
improvising shock tests as a substitute for tests on standard
testing machines.

m. Summary of Refereace A. 3l

This reference presents a summary of shock-:iachine
characteristic : and describes some 25 ixieting machines. The
machines are grouped am' dascr.bed according to the types of
shocks they produce, e.g., velocity shocks; simple shock
pulses, such as a half-sine or rectangular force pulse; singlec
complex shocks. maultiple shocks, etc. A summary tabula-
tion of the devices is presented, including several output
characteristics. Methods of specifying a shock test are dis-
cussed, namely, (1) a specification of the shock motions or
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spectra to which the item under test is subjected, and (2) a
specification of the shock machine, the method of mounting
the test item, and the procedure for operating the machine,

n. Summary of Reference A, 32 '

This two-part report includes a listing of shock-testing
equipment in government establishments. In Part lare listed
Army, Navy, Air Force, and non-military establishments,
the items of test equipment which each possesses, and some
information oun the performance capabilities. PartII lists the
performance capabilities of certain arbitrarily chosen, com-
mercial ranges of cquipment.

o, Summary of Reference A, 33

This report describes some 25 shock testing facilities
available at the Naval Ordnance Laboratory for simulating the
shocks experienced by various types of ordnance items (mines,
torpedoes, and guided missiles, for example) under actual
service conditions as well as under handling and shipping. The
capabilities and limitations of the equipment are presented.

The types of equipment include air guns, drop testers, rotary
testers, and rough-handling machines.
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SECTION A-7

CURRENT TECHNIQUES USED FOR SHOCK ISOLA TION

A-7.1 Discussion and Evaluation

a. General

Current techniques used for shock isolation havs been
investigated as summarized in this section, Two basic iso-
lation methods are considered to be applicable in providing
shork protection for the contents of hardened structures: (1)
Shock Isolation Systems and (2) Protective Cushioning Mater-
ials.

Shock -isolation systems consist of such arrangements
as intorior platforms and interior structures sit.er mounted
cn springs connected to the base of the structure or suspended
from the roof of the structure by means of pendulum springs.
Individual shock mounting or suspension of individual items
of equipment is also used. Shock-mounted and suspended
platforms and structures serve to support bnth aquipment and
personnel,

Protective cushioning materiale are considered as an
alternate method of providing shock protection for persoanel.
This consists of energy-absorbing materials used as a floor
or wall covering, etc., to protect parsonnel subjected to
impact with the structure during the transient ground-shock
motions.

Depending on the pressure level and personnel anu
equipment tolerance criteria, a combination of the two isola-
tion methods may be utilised. For example, equipment could
be mounted ot a separate isolated platforn and protective
cushioning material provided in the personnel areas. For
small structures, separats shock mounting of individual
items of equipment may be appropriate,

Pertinent data concerning the two protection methods
were reviewed as summarized in Section A-7.3. A briel
discussion of this information is presented below. The
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applicability of these shock isolation methods to civil defense
shelters is presented in Chapters V and VI.

b. Shock Isolation Systems

Several types of hardened military structures have been
provided with interior shock-isolation support systems, e.g.,
missile silos, launch control centers, combat operation cen-
ters, etc. Examples of such systems are rcported in Reler-
ences A, 20, A, 23, and A.34-A,39,

For shock protection of missile systems (Atlas, Titan,
Minuteman, etc.), the shock-isolation support system com-
monly utilized consists of a pendulum suspension arrange-
ment. The struts of the pendulum contain a vertical spring to
attenuata vertical accelerations, and the pendulum motion
provides sufficient flexibility to attenuate horizontal acceler-
ations. In some cases, horizontal damping deviLes are used
to damp out the pendulum oscillations and to provide stability
where necessary. The vertical aprings generally consist of
helical compression springs mounted within the vertical
struts, Other types of vertical springs used or considered ars
air springs and liquid springs which are also mounted within
the petidulum struts.

The pendulum suspension systems are generally of
low frequency in the vertical as well as the horisontal direc-
tions resulting in la:ge displacements (equal to peak shoek
spuctrum displacement). Rattle space equal to this peak
displacement is provided around the interior suspended struc-
ture between the interior structure and the concrete sheil.

Pendulum suspension systems have alsv been used
isolate ather hardened structures, such as missile launch
control centers and combal operation centers. For these
structures, equipment to be protected is mou ..ed on the sus-
pended platforms. These platforms also support persoanel.
Other types of isvlation systems used in hardened facilities
consist of spring beams and helical compression aprings used
as a base mounting for platiorms and individual equipment
items. Horizontal helical compression springs are vaed W
provide subility ior tall equipment items. Overhead items,
such as fluerescent lights, are suspended by helical tension
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springs attached to the ceiling.

For the ground shock motions considered in this
study, coil springs would be practical for satisfying required
spring rates and displacements (Section B-3). Non-linear
springs would not be advantageous for the displacements being
considered (Sections B-3 and B-5).

Air springs are advantageous for very large displace-
ments (above 2 ft,). For displacements in the nyder of ¢ to
1-1/2 ft,, helical compreasion aprings provide an effective
design. The disadvantages of air springs are (1) reduced reo-
liability due to leakage problems and (2) difficulty in testing
{Section B-3}).

Methods of analysis for the various types of shock-
isolation systams are presented in References A. 20, A, 35
and A, 39,

c. Protective Cushioning Materials

The principal uses of cushioning materisls for the pro-
tection of personnel againat impact injury have been in auto-
mobiles and airplanes. Some use has been made of these ma-
terials in athletic equipment in various forms. Ensolite (a
flexible polyvinyl chloride foam) bas been used extensively asa
cushioning material for boxing and wrestling rings and gym
mats. Protective clothing, such as helmets, padding, and
shoes, has been used by athletes as well as military personnel
The value of restraining devices, such as lap and shoulder
belts, etc., bas been weil demonstrated in automobile crashes
and {u aircraft accidents. Cushioning materials have also .uen
used to some extent for the padding of dashboards and other
hard surfaces in automobiles and in aircraft to protect a-
gainst buman impact (njury.

Few test data are available regarding ihe effectiveness
of cushioning mate:ials in preveating injury o human beings.
Soma general qualitative informalion is available from exper-
ience in automobile and airplane crashes, but specific quan-
titative data are lacking. It has been found that restraining de-
vices (seat beits, shoulder straps, wte.), protective clothing
(belmets, toreo girdles, etc.) and padding of corners and
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hard surfaccs, are all effective means of reducing injury from
impact of the human body in crashes (References A.7, A,4l
and A. 42) and are recorasnended for use in nuclear blast shel-
ters (Sections B-4, B-5, B-6, B-7, and B-8).

Most of the work performed on padding and energy-
absorbing materiale has been in the field of package cuihicn-
ing. The need for protecting scusitive itenis during ship-
ment {(in particular, expensive guided miissile components and
electronic instruments has apurred considerable research in
the field oi package cushioning materials and methods of de-
sign (Referencc A.40). At the present Line, data on cushion-
ing materials and design procedures for equipment are rela-
tively well established as shown in Reference A, 40,

Similar procedures may be used in the design cf pad-
ding for personnel. The major difficulty in designing for per-
sonnel protection is the lack of impact tolerance data in
terms of allowable stress or "g" loading. Information that is
available on personnel tolerances has buen reported either as
an impact velocity or as an impact energy o« a hard flat sur-
face (see Section A-4 and Reference A, 10) primarily because
of the difficulties involved in obtaining actual stress data.
These data are not directly applicable to the design of padding.

However, somewhat arbitrary but safe estimates of
impact shock values for the human skull have been used for
evaluating padding {Reference A.43). The values are given
in terms of acceleration, rate of acceleration, pressure, and

impulse.

A wide variety of encrgy-absorbing materiz2le are
available for use as protective padding (Reference A. 40). The
general classifications are flexible (Nexible or resilient) and
rigid (crushable;, For padding in shelters, the clastic mater-
ials are the only suitable type since the non-elastic materials
are appropriate for a single impact only. Among the most
suitable materials ai« the plastic foams, including polyvinyl
chloride foams (Ensolite), flexible polystyrerc foams, poly-
urethane foams, and polyetbylene foams, lates hair, and foam
and sponge rubber. The more elastic materials, such as the
latex foams and sponge rubber, are less desirable because
of their poorer energy-absorbing properties. Néts or
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inflatable materials may alsc be used {Section B-6).

The requirements for protective cushioning materials
in blast shelters are based principally on the possibility of
personnel being thrown about in the structure and being sub-
ject to injury when striking hard surfaces and sharp objects.
Procedures {or establishing the need for cushioning are pre-
sented in Reference A.39.

A-7.2 Summaries of Information
Obtained from References

a. Summary of Reference A. 7

In addition to the information presented un shock tol-
erances as diswuased in Section A-4, some data arc alsv pre-
sented on protection methods and procedures. Most of these
data are not related directly to the ground-shock problem.
The pertinent information is summarized below,

Protection of man against mechanical forces is ac-
complished in two ways: (1) isolation to reduce the transmis-
sion of the forces to the man and (2) increase of man's resist-
ance to the forces. lsolation systems involve the use of
springs or similar isolation devices, such as elastic cushions.
Hurnan resistance to mechanical forces is strongly influenced
by selecting the pivyer body position with regard to the antic-
ipated direction of forces. Man's resistance to mechanical
forces can be increased by proper distribution of the forces
on the body. This is best accomplished by supporting the
body over as wide &n area as pessible. Whenever possiv..,
the bony regions should be loaded w0 make use of the rigidity
available in the human skeleton.

Raestraining a subject in a ssal redu.es the chance ol
injury by preveating impact with other objects. The loads
imposed must be distributed over as wide a body area as pos-
sible o avoid concentrations of force. The loads should be
transmitted As direct!y as possible to the skeieton, prefer-
ably to the pelvic structure«-and aol through the vertebral
column,

A-10%




A rigid envelope around the body produces the maximum ’
possible protection by preventing deformation,

A majir danger is the pussible hpact with tue interior
of the structurc. Protruding and casily luusened cbjects i
should be avoided.

Proper head support is desirable to prevent neck injury
from abrupt accelerations,

Lap he'is are destrable to fix occupants to a seat to
prevent their being hurled abuut,  From auto and airplane
crash studies, it was found that the helt load on the lower ab-
domen causes no scvere intra-abdominal jnjury ar injury to
the lower spinxl region. Incriaecd safety is obtainable by
distributing the impact Juad «uoy larger arcas of the body and
fixing the body more rigidly in a scat. Preventing the body
from flailing about is alsu important. For these pusposes,
addisional suppuris, wuch as shoulder straps, thigh straps,
cheat atrap#, and hand holds are ceffective. Flexible restraints
should be avuided 1f impact with the struetyre interior is pos-
sible,

With regard to seat cushions for upward-gjection seats,
a slow-responding fuam plastic with a thickness of 2 to 2. %
inches is satisfactory. This arrangement distributes the lvad
uniforinly and comfortably wwer a widc arca of the body,

Protection of tht head againdt impact injury is effec-
tively provided by protective hulmets. The impactereducing
properties of protective helmets are based on we principles:
the distribution of the luvad cver a large areva of the skull anc
the interposition of energy absorbing systeins. This is ac»
complished by using a hard shell which is sudpended by pad-
ding or support wobbing at sume distance from the head. High
local forces are disiributed over the htire sit: of the head
whith e blow iz applied. However, it has been showe that
the web suspension usually provides a belles pressure distrids R
stion than the vontact padding. A cembination of web or
strap suspension and contact padding i3 desirable to oblain
aptimum proteclion with loxe slippage of the helmet.

Foam plastica, such as pulystyrene and Ensolite are
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effective energy -absarbing materials whercas foam rubber and
felt are tou elastic to absorb a blow.

Impact energies of from 400 to 900 in, -lbs. are re-
quired to produce skull fractures on a hard flat surface. (As-
sumed average znergy is 600 in, -lbs.) Impact with a 90°
curnny requircs only onc-tenth of the energy (60 in. -lbs. ) for
skuil fracture, The form, elasticity, and plasticity of the
object injuring the hiead i3 of extreme importance. Dry skull
preparations require only 25 in. <lbs. to produce a {fracture,
indicating the pruteciion afforded by the attenuating propertics
of a small amuunt uf ecalp tissue,

b, Summary «f Reference A 10

This report contains data on the energies reguired to
cause tracture of the human skull or concussions. Fractures
on a hard sur{ace arv pruduced by 130 to 900 in. lbs. energy.
As long as the impact energy is kept below 400 in. -lbs. , con-
cussion will aot sccur,  With 90° sharp corners, aly 60
in. «1bs. of energy would be required to produce a fracwre.

¢ Summary of Reference A, 20

This report presents procedures for the analysis of
shock isolation systems. Linear and nou-linsar sysitems for
single~degree and multi-degree-of -freedom systems are con-
sidered. Effects of variations in isolation system design per-
ameters are discussed, The influence of practical operational
considerations on the design of shock isolation sysiems and
on thr selection of their components is reviewed., Factors
madifying coupling and resonance characteristics, the sig.'?-
icance of damping and sufficient rattie space, and means fo,
reducing the possible effects of uncertain features of the
shotk are pointdd out and discussed.

d. Summary of Refereace A .23

This repart djidcaesns methods of oblaining shock i
Jation within a hardened facility (rom the #lfects of tranvient
cround shutk. Discussed in particular are: isolated siruce
tures, such as isolated areas and floors; isolated equipment.
including several items rigidly smounted to a common shock-

A~107




isolated floor as well as items isovlated individually; and re-
silient free -standing structures suppurted at their lower ends
and more or less similar in construction to ordinary frame
structures. It is reported that these mcethods of isolation are
by no means equally appropriate for a given set of circume
stances and that the methods can be matched to the shock en-
vironment in the following appropriate manner:

Shock Environment Method of Prutection

Mild ) Resilient Free-Standing
Structures
Isvlated Equipment

Low Muedium Isolated Equipment
Shuek «Mounted Floors

High Medium Shuck =Mouuted Fiours
Shock ~Mounted Cribs

Severe Shock -Mounted Cribs

It is reperted that this table should be used as a guide
only and that there is ho infurmation which would allow the
assignment of yuantitative data to the table.

The advantages and disadvaniages si the above noted
methods of achieviag shock isolation are discusied in the
report.

It 18 reported that sheck smounted floors have been
spring mounted in a varioty of ways in the past, soma of
which are:

a, Helical spring, gravity pendilum struts {Titan 1,
Atlas). '

b. Pacumatic spring. ¢ravity penduum struts

T (Minuteman),
Flot - suspended by gravity pendulum rods ats
tached to overhead spring beamse (Titan 1)
Floot supported frem beiow Ly spring beams and
gravity pendulum rods.
Flooy supporied from below: vertically by aspring
beanis and horigwatally by columns between the
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spring beams and the floor (Titan I).
f. Helical springs distributed beneath the floor
(Titan I).

Crib structures have been spring mounted using pen-
dulum struts containing helical and pneumatic springs.
Pendulum lengths up to 60 feet have been used to minimize
the induced dynamic bending moments in a delicate, vertically
stored missile, If the height of the crib is greater than sev-
eral stories, some adcitional shock isolation possibilities
exist. For instance, the structure might be suspended by
long rods of alloy steel if the shock environment is mild.
Just the stretch of the rods may provide sufficient resilience.
If the rods prove to be too stiff, additional risilience might
be obtained by attaching the rods to a flexilLle beam on the
crib structure. Horizontal isolation is obtained from the
pendulum action of the rods.

e, Summary of Reference A, 34

Some of the problems associated with the protection of
missiles, launch control equipment, and miscellaneous hard-
ware in hardened underground structures are discussed.

It is stated that the missile may be suspended on pen-
dulums, soft springs, or other devices which, in effect,
allow the siloc to move around the missile, If the suepension
system is made very soft so as to reduce the loads, the
relative displacements between the missile and the silo may
becoine excessive, Load and displacement are, therefore,
two criteria that must be satisfied for a suitable design.

It is pointed out that the launch control center pre-
seats problems similar to those encountered in the design of
the silo, Eouipment and personnel quarters must be pro-
tected from shuck, Rether thaa attempt . lsolate each
piece of equipinent individually, it may be demrable to mount
entire floor slabs on springs or flexible columns. The
proper design of such a system is complicated and requires
an analysis in which the dynam'c characteristics of floor
slabs, springs, and equipment must be taken into account
simultaneously, Each part must have suitable streugth and
stiffness so as to limit the shock transmitted to the
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equipment but not permit structure failure or excessive rela-
tive displacements.

It is stated that piping within the silo may be subjected
to sufficiently high loads or displacements to cause leaks or
breaks. Connections of pipes and counduits to equipment as

well as the protection or ruggedizing of equipment for shock
are also areas of concern.

f. Summary of Reference A.35

This paper deals with the free vibrations of a vertical
and horizontal suspension gcheme, applicable in principle to
the shock isolation of entirc floor systems. The purpose of the
investigation was to study the significance of flexibility of
floors relative to that of their isolation supports. The suspen-
sion scheme analyzed for vertical vibrations consists of a
beam simply supported on linear springs. The scheme anal-
yzed for horizontal vibrations is a gravity-type pendulum con-

sisting of a beam simply supported at both ends by means of
hangers.

General approaches of obtaining shock isolation within
a hardenrd, buried structure are discussed. It is stated that,
"on the one hand, there is the conventional approach of shock
mounting individual equipmants relative to the primary struc-
ture (this refcrence does not mention personnel protection).
On the other is the fairly novel approach of cffectively isolat-
ing the primary structure relative to the surrounding medium.
Somewhere in between these extremes is the possibility of
shock isolating entire floor systems within the primary atruc-

ture, thus permitting equipments to be hand -mounted 1o the
floor, "

he following conclusions are drawn in thia reference.
“"We have considered the motions of two general types of sus.
pension schemes upplicable in principle to the shock isolation
of entire floor systemns as might be employed in a hardened
military [acility. The purpose of the investigation was to
study the significance of flexihility of the floors relative lo
that of their isolation supports. A cepresentative scheme for
isolation in the vertical direction was analyaed as the basis
of a beam simply 3upported vin linear ipring mounts. It was
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found that the motion becomes predominantly that of a flexible
beam on rigid supports as the stiffness of the beam approach-
es that of the supports. For a predominantly rigid displace-
ment motion of the beam it is necessary that the beam stiff-
ness be at least 2.5 times as great as the support stiffness. "

"A representative isolation scheme was analyzed on the
basis of a beam suspended at either end from a gravity pendu-
lum. The approximate theory developed leads to a system of
two non-linear equations whose free vibrations, in certain
sense, are found to be either stable or unstable depending on
the magnitude of the initial conditions and the ratio of the
simple penduium frequency to the frequency of the beam.
Stable vibration is one in which the motion in the beam and
pendulum modes is periodic in the usual sense. An unstable
vibmtion is one in which complcte energy transfer takss placc
between the two modes, This phenomenon has been observed
in other non-linear systems and has heen termed autopara-
moutric excitation, One critical case of instability occurs when
the beam (floor) frequency is twice that of the pendulum. A
numerical solution of the non-linear equations shows that about
150 cycles of the beam vscillations and 75 cycles of the pendu-
lum oscillations takes place during one complete cycle of en-
ergy transfer between the modes.”

"Admittedly, the quantitative results obtained may be
of little direct importance to the designer of isolation schemes
because of the idealisations involved in the analysis. Thus,
the mechanical details of actual floor suspansion systems
were grossly idealized, only free vibrations were considered,
and no account was taken of coupling between borizontal and
vertical motions. Nonetheless, it is believed that the folic .
ing important points have been demonstrated, if only in a
qualitative fashion. *

I. "Unless the various natural frequ.ncies of a floor
system exceed those of the isolated supportis by at leasta
factor of three or more, the actual motions of the floor will
be of an extremely complicated nature. Fxperience indicates
that floors designed solely on the basis of strength may not
satisfy this requirement. In such instances it is naive
indeed for the designer to belisve that the motion (i.e., dis-
placement, velocity, acceleration) of particular points of the
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of the flnor is characterized by linear-single-degree-of-freedom
equativns, 3Juch as would be the case if the floor were ideally
rigid. "

2, "As a corollary of the above, it is evident that the
more accurate a predicticn of floor motion desired, the more
detailed must be the specification of shock input to the system.
The usual shock spectra, for example, generally would be
inadequate for such purposes.'

3. "Tee pundulum-type suspension system possesses
certain peculiar types of motion which heretofore probably
were unknown to designers. These motions {(e. g., complete
energy transfer between modes) may be found to be deleter-
iocus to the intended function of the isolation design."

4. '"Where motions of the floor are considered critical,
it would appear that a detailed study of the modes aid natural
frequencies of the floor systam is a required design task. The
tachniques for frequency analysis of composite structures as
would likely occur in actual floor designs are known, but they
involve rather laborious detail even in the relativaly simple
designs. " :

g Summary of Referencs A.36

This paper reports on soms hardware {isolators) and
missile and antenna isolation syst . is, including protective
mounting of miscellansous itsms of cquipment, by reference
to developments for the Titan weapon system,

It is reported that, based on specifications in terms
of a ground-shock response spectrum for both vertical and
horisontal motions, very soft isolation systems, both ver-
tically and horisontally, had to be sslected in order to pro-
tect the missile. The required spring rate for vertical motions
was 30,000 1b. /in. to support a mass of one million pounds
with a dynamic deflection of one foot. The spring rate re-
quired for horisontal motions was about 3400 1b, /in, with a
dynumic deflection of one foot. To achieve the low vertical
spring rate, an air spring system was selected after consid-
eration of chemical elastomers, air springs, hydra springs,
and mechanical springs. A single air cylinder did not gyive a
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linear spring rate (required to utilize the shock spectrum), and
a double-chambered air cylinder was designed to meet the
linearity requirements.

To take advantage of the depth attenuation of the shock,
it was considered desirable to pick the lowest point possible
for the attachments of the isolating elements, but this resulted
in the missile being unstable in pitching since the C. G, of the
entire system fell appreciably above the attachment points of
the isolating elements on the crib. To obtain pitch conirol, a
method was devised to cross-couple the vertical cylinders.

It is pointed cut that pitch restraint, in addition to insuring
stability, also limits rattle space, which in turn. contrnls
the missile ~ize.

As this design proceeded toward a completion, new
shock data became available as a result of further nuclear
tests, These data reduced the shock spectra in .2e pertinent
frequency range by factors of 2 to 4. 'Agreement was also
reached among knowledgeable people that the silo moves sssen-
tially as a rigid body restrained at the bottom. Therefore,
while depth attsnuation is still a factor, it was considered not
to have as great an influenco as was thought in the beginning.
In order to take advantage of the new shock data, some changes
were undertaken in the missile isolation system. Specifically,
the air springs were replaced with stiffer helical compres-
sior. springs, permitting deletion of the pitch control."

It is pointed out that, "at this time, mechanical springs
{for vertical and pitch isolation}, housed in appropriately
spaced pendulum urms (for lateral oscillation) attached near the
C.G. (for maximum use of the stabilizing force of gravity:,
offer the least expensive, most reliable isolation for a system
requiring a bigh degree of shock attenuation. This particular
scheme was incorporated in the {solation system for the an-
tenna system. '

In regard to the Titan launcher ard antsnna systems,
it is reported that service squipment, such as utilities locks,
and electrical and electronic equipment, the countarweight
and drive systema for the launcher platform, etc., is
mounted on underground structures.
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A special problem was encountered ir. the mounting
of the launcher drive and counterweight. Both items are geo-
metrically large and very heavy, the drive weighing about
100 kips and the counterweight 250 kips. Their mountings
were designed to resist the normal operating loads, both in
regard to magnitude and direction. According to the shock
spectra, the relative motion associated with a load corres-
ponding to the operating loads was so large that available
rattle space was insufficient. A special isolation system
{pendulum struts incorporating mechanical springs) was de-
signed. A mechanism was then required to lock out this
isolation systern during normal functional opuration,

The hardware that car match spring constants from
the softest to the stiffest are reported as follows: ai: springs,
hydro-pneumatic springs, mechanical springs of all types
(such as helical springs, Belleville washers, and torsion
bars) hydra springs, and finally, solid bars. It is stated
that, "of course, in a design it is nct only a question of
spring rate but also of required displacement, and both fac-
tors determine what specific hardware should be selected, "

This reference states, in summary, that “'shock iso-
lation at hard bases is a function of shock level, manner of
spacification, and squipment capability. Selection of shock
isolation hardware must include considerations of the effect
of failure, reliability, and cost. Different hardware results
for any particular group of the above factors."

h. Summary of Reference A, 37

This reference presents a resume of some methods .¢
isolating an interior structure from ground shock, including
photographs of some typical installations. Ilustrated are
the uss oi rubber shock mounts for the shock isolation of
pipes and cable trays and the use of coil spriugs for mounting
a cluster of pipes and lighting fixtures,

Also illustrated ia a type of shock isolation which is
useful wheu cquipment on a lower level (s sufficiently rugged
to withstand the ground shock and only an upper level needs
to be protected. The upper {loor is isolated by means of
spring beams, located below the lower floor, which take the
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the vertical motion while the columns (connected to the spring
beams and supporting the upper level) have sufficient flexibil-
ity to take the lateral motion., It is mentioned that where
only one or two pieces of equipment on the lower floor require
isolalion, they may be shock mounted separately on the floor,

An individual mounting of a water chiller is illustrated;
the mounting employs rubber pads between steel plates.

A system for shack mounting a complete two-story
structure by the use of a spring beam unit under the lower
floor is illustrated. Horizontal flexibility is accomplished
by short 18" pendulums.

An examplc of a two-level control center with the
major part of its delicate equipment located on the second
level, requiring only that level to be isolated, is illustrated.
The upper floor is supported by columns connecisd to spring
beams below the lower floor.

Se veral illustrations are presented showing the use of
vertical and horizontal coil springs to isolate a complate
structure, The vertical springs are placed bealow the floor,
and the horiaontal springs are connected to the tops and
hottoms of stesl columns. It is mentioned that this method
of shock isolation is justified only where the shock mounted
structure is extremely heavy with a high center of gravity
and the space is limited,

i, Summary of Reference A. 38

This report presents the results of a feasibility an.
cost study of several types of underground structures at high
pressure levels, The structures considered were spheres,
vertical cylincers, and horizontal cylinders.

For each of these structures, the meost elfective shock-
isolation system consisted of a suspended interior structure
using hot-formed, helical compression springs mounted on
parallel pendulum shafts.

J» Summary of Reference A, 39
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This reference presents the procedures and significant
results of studies of the dynamic responses of hardened un-
derground rectangular and silo-type structures subjected to
megaton nuclear weapons blast and ground shock effects
with particular attention to the transmission of shock and vi-
bration to the interior structural components and contents of
the structurc. A method of predicting responses of multi-
degree-of-freedom, elastoplastic, nonlinear, and discontin-
uous systems is advanced. It employs a synthesized ground
motion (tiie histury) curve derived from design shock spec-
tra. The procedure for calculating the synthesized curve is
summarized in Appendix D. Such curves are employed to an-
alyze a multi-degres-of -freedom, shock-isolation system for
the Atlas missile crib. The crib is suspended from a silo with
coil-compression springs.

k. Summary of Reference A. 40

This report is a summary of the state of the art in the
design of package cushioning materials, The general design
theory of package cushioning is given, and the testing under
static and dynamic loading is discussed. Design concepts
are evaluated. Design equations and sample problems are
included.

Stress properties are given for some of the principal
plastic package-cushioning materials as well as data on the of-
fect of temperature and humidity. Specific uses of rigid and
semi-rigid plastic foams in cushioning applications are indi=
cated.

The report also presents a summary of test prograni-
for plastic cushivning materials.

The information that is pertinent to our study is sum-
marizsed below,

As in the case with package cushioning, resilient ma-
terials are the only types suitable for cushioning in shelters.
In the report, emphasis was placed on the resilient plastic
package -cushioning materials. The particular materials
covered were: polyurethane, poulystyrens, polyethylene, and
polyvinyl foams.
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In the design of the cushioning rnaterial, the following
information is required:

a. The fragility of the items to be protected.

b. The aseverity of the shock to which the item will
be subjected,

¢, The energy-absorption characteristics of the pro-
tective cushioning material.

Knowing these and the weight and size of the item to be pro-
tected, the thickness of the cushioning material can be com-
puted.

The use of dynamic-stress data in the design of the
protective cushioning is more reliable than the use of
static-stress data,

In the report, the cushion factor concept for design
is presented. The cushion factor relates the maximum stress
on the cushion to the energy absorbed by the cushion at this
applied load.

The properties of the four plastic cushioning mater-
ials mentioned above are presented. These included the
static stress-strain curve and the dynamic properties.

Specific uses for plastic-foam cushioning materials
were discussed. These included: (i) high-speed energy dis-
sipators for aerial delivery of military material; {2) mili-
tary packaging, partcularly for guided-missile compon-
ents; and (3) cushioning for human skulls,

It has been found in the work performedby Cornell
Aesronautical Laboratory, Inc., on cushioning for human
skulls, that with cushioned co rners, if the backup panels
have & radius of curvature greater than 2 1.ches, they will
exhibit characteristics similar to those of a flat panel.

I Swmumary of Reference A. 41

This report presents data on the effectiveness of seat
belts in reducing injury from impact. The report is based
on studies of antomobile accidenta. However, it serves to
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point out the possible use of seat belts in protecting personnel
from the danger of impact within a shelter structure.

m. Summary of Reference A, 42

The pertinent information in this report is summarized
below:

Personnel should be protected from f{lailing, whiplash,
dislodgement, crushing, falling, and impact against sharp
objects during a period of ground shock. Restraint devices,
such as lap and shoulder harnesses, crash helmets, ankle
and wrist restrainers, torso girdles, and secured seats, are
helpful. Inertia reels are useful in permitting slow deliberate
motion, preventing abrupt movements.

Personnel who are walking or unsecured are particu-
larly vuinerable, All unnecessary personnel tralic would
have tu be restricted, at least during an alert.

Any unsecured objects are potential projectiles which
could crash into personnel or equipment. Therefore, all
objects should be secured,

n. Summary of Reference A. 43

This article summarizes the results of the work per-
formed at the Cornell Aeronautical Laboratory to evaluate the
impact-absorbing properties of plastic foams. The important
points 1n this report are indicated below,

Data collected on automooiie and airplane crashes in-
dicate that about 75% of fatalities result from head injuries.
Low-density foam energy abaorbers can play a very impor-
tant part in head impact protection.

In a study conducted for the Navy, the injury pntential
to the head in aircrait cockpits was evaluated, and methods
of reducing the injury potential were stndied. It was found
that the average human skull would fracture on impact against
a hard flat surface at an energy level of 600 in. «lbs, A blow
of 400 in, ~lbs. on a hard flat surface is commonly used as
the critical blow for brain damage.
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. It was found from the study that there were four con-
trols un the injury potential of a flat surface:

(1) The maximum g. level that would be experienced
by the head on striking the surface.

(2) Rate of change of g. or the rate of onset of the g.
forces. .

{3) Peak intensity of pressure on the head in line
with the blow.

(4) lmtial impulse of head striking an object,
Initial Impulse = My, (V, - V))
M), = Mass of head

V2 Velocily before contact
Vi Velocity after contact

Initial impulse of 5.3 1b, -ssc, has been deter-
mined as the threshold of fracture.

A desirable property of the padding is that of low re-
bound, With low rebound, leas energy; is transmitted hack

to the head.

In the Navy program, a rigid polystyrene foam with a
density of 1-3/4 1b, /cu, ft. provided the best head protection
per inch of thickness, Using this material, the peak pressure
was limited to %0 p,s.i, This material provides only single-
blow protection.

On a project sponsored hy the New York State Athletic
Commissiun, vork was perforined to develop a resilient
cellular plastic material with the same impi.t characteris-
tics as the above polystyrene foam. The rusulting matertal,

. Ensolite 22266, has characteristics close to those of the
polystyrenc foam; in addition, the material recovers slowly,
ready f{or another blow. The material was developed prim-
arily for use in boxing rings.

In a boxing contest, an impact energy imparted to the
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head from siriking an unpadded mat can be in the order of
1100 in, -lb. (comparzad to A00 in, -lb. to cause a {racture),
With mats padded with Ensolite 22266, no serious head injury
by impact with the platform occurred. This indicates that
the criteria for which the material was developed were on the
safe side.

Tests were also made to determine the effect of body
attitude on the percent of the total body energy that would be
absorbed by the head. In the tests, thc weight of hecadform
used was taken as 30 lbs. to account for the mass contrituted
by the ivrso through the neck.

In the work to determine the effectiveness of various
energy absorbing materials, the following controis were used
for head impact protection:

1

Maximum g.

Maximum rate of change of g.
Maximum intensity of pressure in
line with hlaw

60 .
26, 000 g. /sec.

L]

it

600 p. 8. i.

The naximum acceleration and rate of change of accul-
eration given above are considered as safe values for the
head. The maximum pressure indicates that the cushioning
"material has become solid.

Curves are presented that illustrate the protection avail-
able with different padding materials on hard flat surfaces for
various impact velocities. Sorae uf the values taken from these
curves dre summariaed below:

Cushioning Material on Limit of Safe
Hard Flat Surface Impact Vclocig

1" thick 1+3/41b. Jcu. ft. Polystyrene Foam 15 it /sec.,

2" thick " B 18 v
1" thick Ensolite 22266 « 7T 1b, /eu. ft. 17 "
2 thiek Frethane Foam < Formulation "A" 16 .
2" thick Foam Rubber = 6 lb. /cu. ft. i "
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In tests made with padding on yielding foundations,
in contrast to the rigid foundations, it was found that the pad-
ding materials became more effective and the yielding panels
absorbed a large part of the impact energy. Some of the
foundation materials found effective were: -light-gage steel,
aluminum, and plastic. No correlation was found between
the test data for padding on a rigid backing and that on a
yielding backing. The materials must be tested in combina-
tion to determine the combined properties.

The following general conclusions can be made from
the programs of cvaluation of low-density energy absorbers:

(1) Most of the energy-absorbing plastic foams do not
bave linear spring-rate characteristics under im-
pact blows. Thercfore, they do not lend them-
selves to a simple mathematical analysis.

(2) The better energy-absorbing foams resist impact
with nearly constant pressure for approximately
three-quarters of their thickness,

(3) Dynamic pressure characteristics cannot be de-
termined by static compression tests.

(4) Difforent formnlations of plastic foamas that bave
the same density and rigidity do not necessarily
have the same energy-absorbding characteristics.

(5) When used as energy absorbers, most low-density
foams exhibit mechanical characteristics that
change greatly with temperature, i.e., they ¢»nd
to get stiffcr a; the temperature diups.

(6) In cases where the impact energy exceeds the en-
ergy -absorbing capacity of the * am and an aux-
iliary absorbing structure is used (such as a
sheet metal panel to dack up the padding), a
covering of plastic foam produces a large reduc-
tion in the peak pressure experienced by the
striking object and aleo disiridutes the force over
a larger surface area by “dishpanning” the panel.
It will be noted that back-up panels baving a
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radius of curvature greater than 2 wuches exhibit
characteristics similar to those of a flat panel.
If the radius drops below 2 inches, the elfective-
ness of the padding and panel combination is
greatly reduced.
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APPENDIX B

MINUTES OF MEETINGS

SECTION B-l

INTRODUCTION

Appendix B containg minutes of meetings held with
various governmental and private organizations to obtain in-
formation pertinent to shock and vibration and to discuss such
data with experts in this field.

B-2

B-3

Minutes of Meeting between Korfund Dynamics
Corpuration and Ammann & Whitney.

Minutes of Meeting between the Sraca Technol-
ogy Laboratories and Ammann & Whitney.

Minutes of Meeting between the Lovelace Foun-
dation for Medical Resecarch and Ammann &
Whitney,

Minutes of Meeting between the Air Force Spe-
cial Weapons Center and Ammann & Whitney,

Minutes of Maeting between the Defense Atomic
Support Agency and Ammann & Whitney.

Minutes of Meeting between the Naval Research
Laboratory and Ammann & Whitney.

Minuter of Meeting between the Naval Medical
Kegearch Institute and Ammann & Whitney.
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SECTION B-2

MINUTES OF MEETING BETWEEN
KORFUND DYNAMICS CORPORATION
AND AMMANN & WHITNEY

Presented below are the minutes of a meeting held at
thr office of Ammann & Whitney, New York, un December 10,
1962, to discuss shock isolation data in connection with this
study.

Attendees at Meeting

Mr, Paul Baratoff, Korfund Dynamics Corporation

Mr, Joseph L. Hammond, Korfund Dynamics Corpora-
tion

Mr. Samuel Weissman, Ammann & Whitney

Dr. Joseph Vellozzi, Ammann & Whitnuy

The mecting was opened with a general discussion of
the requirements for shock tolerances in hardened structures.
Mr. Hammond reviewed Korfund's activities in the field of
equipment and missile shock isolation for hardened installa-
tions. Korfund designs and manufactures hardware for shock
and vibration control and has been active in the shock isola-
tion of the TITAN, MINUTEMAN, and ATLAS missile hard
sites as well as the isolation of cquipment for civil defense
shelters, including the Denton, Texas, «ud Albany, New York,
shelters, In these shelters, most equipment was shock iso-
lated to 3 g. and sensitive electronic equipment to one g.
Standard mounts and springs were used where possible, Thc
shock levels for which Korfund designed were specified :.. the
form of ground-shuck response spectra with maximum vel-
ocities in the order of10 to 40 in, /eec. and overpressures up
to 50 p.s.i. In general, the equipment required isolation at
3to 10 c.p. 8. in order to limit the trans..uited accelerations
to within 3 g. The systems were expected to damp out in
about 30 seconds because of internal damping inherent in the
systemasn,

Korfund indicated that manufacturers usually do not
know the fragility level of their equipment, although they feel
that mechanical and heavy electrical equipment items can

B-3




tolerate transmitted shucks of 3 g. and fragile electric and
electronic equipment between 1 and 2 g. These values are
kased primarily on shock requirements during transporta-
tion, Although it is possible to test the simpler types of
equipment to determine the fragility level, the testing can
become extremely complicated and costly in the case of heavy
complex equipment. Therefore, in lieu of subjecting every
piece of equipment to a shock test, itis more practical to
provide shock protection which will transmit no more shock
than most equipment can reasonably be expected to with-
stand. This is the basis for shock moun‘ing to an accelera-
tion of a 3 g. shock or less.

Korfund furnished a listing of thc equipment that they
isolated at 3 g. even though they felt that the fragility levels
were in excess of this value. The eqQuipment included diesel
generator sets, air conditioning chillers, water tanks, ex-
haust fans, heating and cooling coils, pumps, air compres-
sors, panelboards, and most electrical equipment. Lighting
fixtures were isclated to | g. This is based on tests result-
ing in failure of the stems supporting the fixtures rather than
failure of the lamps. The lamps and fixtures have much
higher tolerances, in the order of 20 g.

With regard to shock isolation of equipment, Korfund
pointed out that when equipment is mounted on top of a shock-
isolated floor care must be exercised so that no disturbing
frequency (tranamitted by the operation of such equipment
as fans, air handling units, compressors, and pumps, etc,)
exists which may be in resonance with the natural frequency
of the floor. Othevwise, the shock-isolated {loor may begin
to vibrate in resonance with the equipment. They also
stated that, following thc grcund shock disturbance, the shoik-
iscla‘ed floor will oscillate at its natural frequence (predom-
inately its fundamental il the stiffuess of the floor slab is
relatively high :ompared to the stiffness of !'~ isolation sup-
ports) and that this becomes the disturbing frequency to which
the isolation raountinga of the equipment are subjected, Un-
less the equipment 1solator is proporly designed and approp-
riate relationship 15 maintained between floor and isolation
frequencies, it is possible for equipment isolators to amplify
by 200 percent or more the shivck transmitted by the shock-
isolated floor,
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In reference to relative motions of equipment, Kor.
fund indicated that the main concern is to enable the equip-
ment to travel freely without striking other equipment and to
provide flexible cunnections for all piping, ductwork, etc.

In order to minimize movement of equipment so that the
amplitudes do not exceed those calculated from the ground
shock spectra, it is often required that the mounting suspen-
sion points be in a horizcntal plane through the center of
gravity of the equipment and that the mounting support be lo-
cated symmetrically about the center of gravity. Otherwise,
the equipment will rock when subjected to shock and the mo-
tion may be amplified somewhat because of coupling between
the inertia and resisting forces.

Korfund stated that they usually design and provide
springs such that the natural vertical and horizontal fre-
quencies on an isolated piece of equipment are identical,
Thcse springs are welded to end plates, It is ‘mportant,
wheu the end plates are fastencd to the fourdation, that
minimum clearance be maintained between bolt holes and
foundatiocn bolts, This prcvents motion of the base plate
under shock,

In the testing of equipment, Korfund has used a drop-
test machine which is usually sufficient to determine the fra-
gility level of equipment since all possible equipment modes
are excited under the duceleration impact. Reference was
also mude to Navy impact machines, Bellock College Point,
Long Island, New York.

Korfund ls considering the development of a series of
standard springs and specifications for shock isolation .~-
quirements {or hardened shelters, They aiso mentioned that
the cost of the engineering analyses required for a particular
shock isolation design could be quite high and sometimes
greater than the isolation of equipment i1 Jlf,

Korfund furnishid Ammann & Whitney with examples
of their work on equipment shock irolation for hardened in.
stallations. Also furnished were a bulletin indicating their
manufactured products and a copy of the paper, "Shock and
Vibration Isolation for Missile fites', by Donald Vunce of
Korfund, reprinted from April/May, 1961, Ground Equipment
Magaainc,
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SECTION B-3

MINUTES OF MEETING BETWEEN
strAchk TECIINGLIGY LABCRATORIES, INC.
AND AMMANN & WHITNEY

A meeting was held at the Space Technclogy Labora-
tories, Inc., Redondo Beach, California, on January 7,
1963, to discuss shock isolation data in connection with this
study,

Attendees at the Meeting

Dr. Millard V. Barton Space Technology Lab.
Dr. Herbert Suer Space Technology lab.
Dr. J. Christensen Space Technology Lab.
Mr, John Karagezian Space Technology Lab.
Mr. Edward Laing Ammann & Whitney
Mr. Sarauel Weissman Ammann &k Whitney
Dr. Joseph Vellozsi Ammann & Whitney

The minutes of this meeting are of a classified nature
and cannot be included in this report. However, reference is
made in Appendix A to some of the unclassified items dis-
cusscd at this meeting.

B-7 and D-8




SECTION B-4

MINUTES OF MEETING BETWEEN
THE L.OVELACE FOUNDATION FOR MEDICAL RESEARCH
AND AMMANN & WHITKEY

Presented below are the minutes of a mecting held at
the Lovelace Foundation for Medical Education and Research,
Albuquerque, New Mexico, on January 8, 1963, to discuss
personnel shock effects in connection with this study.

Attendees at the Meoeting

Dr. Clayton S. White, M.D. Lovelace

Mr. 1. Gerald Duwen Lovelace

Mr. Edward Laing Ammann & Whitney
Mr., Samuei Weissman Ammann &k Whitney
Dr. Joseph Velloaai Ammann & Whitney

The meeting was opened with an explanation of the
Olfice of the Chief of Engincers project and of the related work
being performed by Ammann & Whitney in the investigation of
literature and dat' pertaining to shock effocts on personnel
for the purpuse of establishing requisite shock tolerances and
appropriate protection for personnel housed in a hardened,
shallow=buried, civil defense sheiter subjccted to a ground
shock environment associated with a 20-MT nuclear weapon
burst for overpressures ranging up to 300 p.s.i. The inten-
sity and nature of the expected structure motions were dea-
cribed and it was pointed out that, in moust cases, the person-
nel in the shelters would be in random pusitions - standing,
sitting, reclined - and in fewer cases personrel may '
strapped down in chaiss, beds, etc., or be provided w.ih
cther means of bracing themnselves.

It wi.s enplained by Ammann & W' 'tney that, based on
their review of available literature. it appeared that many
unknown factors exist with regard to grount sheck effects
on persaanel, although data are availabie pertaining to per-
sonnel shock elfects lor other types of shock environments.
Ammann & Whitney swudied the blast biciogy reports received
from Lovelace, and three ~eports in particular were found
to contain bivlogical and personnel shock eifect data which
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could be related to the persconnel ground shock problem. It
was agreed that nu known personnel shock tests have been
conducted specifically for the ground shock problem although
this typc of testing is presently being considercd by other agen-
civa. These diree reports, prepared for the Defense Atomic
Suppert Agency, are:

I. "Tertiary Blast Dffects, Effects of impact on Mice,
Rats, Guinea Pigs and Rahhits"

&. "Biulogical Effects of Blast"

3. 'Biological Dlasi Effects”

It was further explained that Ammmann & Whitney have
established preliminary shock tolerances for personnel in
hardened civil defense shelters on the basis of the data in these
reperts and other publications investigated, and that consider-
able judgment was used in the application of this data to the
ground shock environment. These tolerances are considered
in two categories: (1) impact and (2) vibration, The data in
tawe Lovelace roports were an important source of information
for establishing the impact tolerances.

The iuvllowing is a summary of comments and discus»
sion pertsining to the problems posed by Ammann & Whitney:

1. The three reports listed abuve, and particularly the
first report, are still generally representative of the current
kncwledge on impact effects. This work was bascd on drop
tests on animals and on a general review of other related lit-
crature in the field. Based on this data the "on-the=safe”
average tolerable impact velocity of 10 ft. /sec. as qualified
in the report is recominended. This pertains to the totai budy
as well as to skull impact with a hard flat surface provid.uy
the line of thrust tor skull impact is not directed aiong the
longitudinal axis of the body in which case the head would be
damaged in abiorbing the kinetic energy of the remainder of
the body mass. For impact with sharp co.ners, the toler-
able impact velocity would be considerably reduced, and this
should be aveided vr the corners should b padded.

2. Since horitontal motions in combination with the
verueal motions would probably throw personnel uif balance,
An uncoordinated type of impact may resull, and although it
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is felt that impact velocities less than 10 ft. /sec. would gen-
erally not be serious, some injuries mav result for persons
of certain age groups, for persons colliding in an awkward
position, or where a person falis backward and experiences
impact with the back of the head. In the latter case, an im-
pact velocity greater than 10 ft. /sec. may be unavoidable.
The ability of the body to prepare itself for a fall due to a
sudden motion would depend upon the physical condition, age,
and athletic training of the person., However, a person stand-
ing stiff-legged would probably have time to assume a bent=
knee position if the floor suddenly dropped from beneath him.

3. For impact velocities greater than 10 ft. /sec. and
for added safety at 10 ft. /sec,, a cushioning material should
be provided. This can be achieved by the use of padded hel-
mets, padded walls, and padded fleors. The use of Ensolite
(manufactured by U. S. Rubber}, for examnple type AH, as a
surface material would be effective. Under norrral loadings
Ensolite feels rigid but will deform sufficiently under impact
loads to affosd a considerable reduction in deceleration inten-
sity. In this regard, it was emphasized that only a very
small stopping distance (fraction of an inch) will considerably
reduce the possibility of body damauge due to impact for im-
pact velocities above 10 ft. /sec., even as high as 20 ft. /sec.

4. It is consideread that the use of bracing, such a3
handrails, would be effective in preventing personnel from
being thrown over if it is practical for personnel to assume
such a position of preparation.

5. It is fei! that imposing a sudden upward velocity tn
a body may be physiolugically different (with regard to tu:
erance) from dropping a bouy with the same striking velocity,
althvugh as a mechanical system both cazes appear to be
similar. o S ’

6. - Strepping a persoa tu « chaiz which is shock o
raounted could result in a n.ore critical enviroument than per-
mitting tho person to be displaced relative tn the structure
even though the shock intensity is reduced. This is partially
due to a repeated (vibration) ivading and also because injury
could result {roin relative body displacements, depending on
the manner in which the body is strapp:d to the chair. Ja
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addition, impact of the body against the chair may be a poten-
tial hazard. Pulling a person down with a sudden velocity
may also be different (with regard to tolerance) from drop-
ping a body with the same striking velocity,

7. With regard to future shock tests for civil defense
shelters, it is felt that such a program is warranted in view
of the present uncertainties. However, tests on healthy young
adults would probably not be representative of tolerances icr
other age groups, and in general it is difficult to obtain vol-
unteers. Testing is potentially dangerous especially since
certain internal injuries could occur without the subject feeling
pain at the tiine ol the test. Furthermore, the tolerance es-
tablished varies, depunding upon the subjective feelings of the -
person beiny tested. '

8. Based on thu available information, it is felt that
the preliminary tolerance values established by A'amann &
Whitney are reasonable,

9. Although the Lovelace reporte include a raview of
other literature in the field, for more detailed reading the
following publications may be of particular interest; however,

_sucn further study would probably not afiord any additional in-
formation leading t¢ recommendation of more reliable shock
tolerance criteria,

Roth, H., Impact and Dynamic Response of the Bod
Syraposiuia: Frontiers of Man Controlled Flight, Los
‘Angeles, April 3, 1943,

. Coermaan. R. R., The Mschanical Impedance of ti.»
Human Body in Sitting and Stauding Position at Low
Frequencies, ASD Tech Report 61-492, Wright Patter=

sun Air Force Base, Ohio, September 196),

German Aviation Medicine World War I, Vol, 2, by
the Departmont of the Air Force (Fdited by Glasser).

Swearinglon, et al, "Human Tolerances w Vertical Im-

pact", Aerospace Medicine, December 1960, Vel. 31,
NQ. lzt )
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Draeger, et al, A Study of Personnel Injury by Solid
Blast, Naval Medical Research Laboratory, 1945,
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SECTION B-5

MINUTES OF MEETING BETWEEN
THE AIR FORCE SPECIAL WEAPONS CENTER
AND AMMANN & WHITNEY

Presented beiow are the minutes of a meeting held at
the Air Force Special Weapons Center, Kirtland Air Force
Base, New Mexicn, on January 9, 1963, to discuss shock
isolatiun data in connection with this study.

Attendees at the Meeting

Lt. Douglas H. Merkle AFSWC
Mr. H.R.J. Walsh AFSWC
Mr. Edward Laing Ammann & Whitney
Mr. Samuel Weissman Ammann & Whitney
Dr. Joseph Vellozzi Amma - 'n & Whitney

The meeting was opened with a short summary of the
work being performed by Ammann & Whitney on a study of
shock isolation methods for hardened civil defense shelters
for the Office of the Chief of Engineers. The shelters being
considered are shallow-buried structures designed for a 20~
MT weapon burst and for overpressures up to 300 p,s.{. As
part of the study, Ammann & Whitney is compiling and inves-
tigating sources of current data in the field pertaining to shock
tolerances for personnel and equipment and other items,
structure (shelter) response to the free-field ground shock,
and current methuds and techniques used for shock isolation as
well as shock-isolation systems praviously developed for har-
dened structures, AFSWC will svou publish a comprehes ive
guide for the design of shock isolation systems in underground
prowective structures which represents AFSWC latest informa-
tion on the subject. Lt. Merkle mentioned that Ammann &
Whitney should receive a copy of this repo:r by the end of the
month unless thers are delays in printing. Shortly after this
report is forwarded, Lt. Merkle expects to be in New York
and will visit Ammann & Whitney for further discussion of
its contents.

With regard to shock tolerances for personnei, Lt
Merkle pointed out that in their report they are recommending
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that seated and well-restrained personnel be isolated to 1.75 g,
for vertical and radial motion and that perscnnel standing
without support be isolated to 0,75 g. for vertical motion and
0.50 g. for radial motion. AFSWC performed a literature
search to establish these values, and the conclusions are
based mainly on the works of Eiband and Zeigenruecker which
Ammann & Whitney also reviewed. The results of this search
are presented in the abovementioned AFSWC report. F. L.
Murfin of Space Technology Laboratories and J, W. Degan and
D.W. Williams of MITRE have also performed a literature
search on the subject of personnel shock tolerances relevant
to the ground shock environments, and have presented some
conclusions and/or recommendations. AFSWC furnished
Ammann & Whitney with a copy of some of this data. (Human
Survivability: Human Tolerance to Ground Shouck and Low
Frequency Vibrations in Command and Control Facilities
(Task 139), Technical Memorandum TM-3057, The Mitre
Corporation, 24 April 1961.)

The AFSWC personnel shock tolerances for standing
personnel are less than one g. and, therafore, impact which
would result from the separation of personnel with respect to
the structure floor is not being considered. However, Lt.
Merkle suggested that if separation is to be permitted in the
civil detense shalters, cushioning material on the structure
floor and walls and/or protective clothing, helmets, and shoes
should be provided. For seated personnel, seat belts should
be considered to protect personnel by restraining them in
their seats. In this regard a copy of a congressional Com-
mittee Report on Automobile Seat Belts was given to Ammann
& Whitney {(House Report No, 1275, 85th Congress. August
1957). Cornell Aero Laboratory in Buffalo, New York,

(Mr, John O. Moore and Mr. Edward R. Dye) is also per-
formung studies on seat beltu,

AFSWC is considering shock testing ¢. personnel in
connection with the Minuterman Weapon System using a six-
degree-of-motion simulator available at Wright Patterson
Air Force Bawe. The feasibility of such tests will be dis-
cussed with Capt. N, P, Clark of Wright Patterson Air Force
Base. Ammann &k Whitney was furnished a description of the
motion capabilities of the simulator. Col. J.P. Strapp of
Holloman Air Force Base may also be consulted by AFSWC
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to discuss personnel shock testing, Seat-belt tests have
been conducted at Holloman Air Force Base, Aero Medical
Field Lauoratory.

Bell Telephone Laboratories, Whippany, New Jersey,

(Mr. Clinton Schaeffer) are doing work on shock isolation for
the Army and have performed personnel shock tolerance tests
for their own use (informatiun not published). These tests
were designed to simulate the motions of an isolation platform
in an underground protective structure and consisted basically
of applying a motion to a cantilever beam upon which subjects
were seated.

With regard to equipment tolerances, the AFSWC re-
port contains a summary of test results. The AFSWC report
also presents various velocity pulse shapes for different sites.
Also, two basic-type velocity pulse curves are presented:
one for the high frequency and one for the low [requency por-
tion of the spectra, respectively.

A plot of the computed vertical response of the Minute-
man equipment platforia air-spring suspension system was
shuwn. It appeared that the response motions quickly damp
out; the amplitude during the second cycle is small compared
to the peak responge, In this regard AFSWC was presently
setting up a shock-testing device which will be capable of
testing the entire suspended platforin, Lt. Merkle felt that,
for the motions being considered in the OCE study, it would
be best not to use non-linear springs.
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SECTION B-6

MINUTES OF MEETING BETWEEN
THE DEFENSE ATOMIC SUPPORT AGENCY
AND AMMANN & WHITNEY

Presented below are the minutes of a meeting held at
the Defense Atomic Support Agency, Washington, D.C., on
January 21, 1963, to discuss personnel shock effects and
shock isolation data in connection with this study.

Attendees ai iuc Mneting.

Colonel Robert H. Holmes, DASA, Medical Dix
Surgeon

Mr. John Lewis DASA, Blast & Shock Div.

Major Merrill E, Barnes DASA, Blast & Shock Div,

Mr. Samuel Weissman Ammann & Whitney

Dr. Joseph Vellozzi Armamann & Whitney

The meeting consisted of two parts: (1) a meeting with
Colonel Holmes to discuss personnel shock effects and (2) a
meeting with Mr. Lewis and Major Barnes to discuss general
shock isolation data.

Meeting with Colonel Holmes

The meeting was opcned with an explanation of the
Office of the Chief of Engineers project and of the related work
being performed by Ammann & Whitney in the investigation of
literature and data pertaining to shock effects on personnel
for the purpose of establishing requisite shock tolerances "nd
appropriate protection for psrsonnel houscd in a hardened,
sha'lowsburied, civil defense shelter subjected to a ground
shock environment associated with a 20-MT nuciear weapon
burst for overpressures ranging up to 300 _.e.i., The inten-
sity and nature of the expected structure motions were des-
cribed. It was explained by Ammann & Whitney that, based
on their review of available literature, including DASA re-
ports prepared by the Lovelace Foundauon, preliminary
shock tolerances for personnel subjected to the ground shock
environment have been sstablished. The available informa-
tion pertains to personnel shock effects for other types of
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shock environment and considerable judgment was used in the
application of the data for the ground shock enviroument,

It was explained that Ammann & Wbitney bhad a very
informative meeting with Dr. C.S. White and Mr. I.G. Bowen
at the Lovelace Foundation at whick time the DASA reports as
well as other data in field were discussed, The recommended
personnel tolerances for ground shock as based on this avail-
able information were also discussed with Dr. White who
offered very pertinent comments regarding the anticipated na-
ture of possible injuries resulting from the ground shock en-
vironment. Dr. White had suggested that Ammann & Whitney
discuss personnel effects with Colonel Holmes,

Colonel Holmes agreed that there are many unknown
factors relative to ground thock eftects on personnel :nd that
no adequate tests have been performed in the past specifically
for the ground shock environment. Protection of personnel
for the ground shock environment could beat be provided with
protective padding sither by padding the surfaces of impact
within the structure or Ly providing personnel with protective
clothing « helmets, shoes, etc. 1n addition, sharp corners
which may be struck should be rounded, Ensolite {manufac-
tured by U,S. Rubber) has been found to be an effective im-
pact-absorbing rmaterial when used as floor covering, such as
in boxing rings. In some cases it is necessary to bond a
low-density Ensolite layer to a highex density sub-layer. The
U.S. Army Quartermaasier Corps at Natick, Massachusetts,
(Attn: Mr, Eddie Baron) is doing research on plastic protec-
tive devices, Where practical, personnel should be strapped
down to minimise secondary impact effects. However, con-
sideration must be given tr. the fect that seated personnel are
susceptible to vertabrae fracture.

With regard to personnel shock tests, Mr, Hirsch of
the David Taylor Model Basin has conducted ahipboard tests
with personnel,

DASA and the Lovelace Foundation will be conducting
a syraposium on biological blast and shuck effects fullowing
the 32nd Shock Symposium scheduled for this coming April,




Meeting with Mr. Lewis and Major Barnes

The meeting was opened with a summary of the scope
of work being performed by Ammann & Whitney on a study
uf shock isolation methods for hardened civil defense shelters
for OCE. The shelters being considered are shallow-buried
structures designed for a 20-MT weapon size and for over=-
pressures uo to 300 p.s.i, As part of the study Ammann &
Whitney is investigating and compiling sources of current data
in the field pertaining to shock tolerances for personnel and
equipment, structure (shelter) response to the free-field
ground shock, and current methods and techniques usad for
shock isolation and shock isolation systems previously devel-
oped for hardened structures, Preliminary recommendations
for basic criteria for the shock isolation study have been es-
tablished on the basis of the data investigated.

The following is a summary of comments and discus-
sion pertaining to problems posed by Amamann & Whitney,

l. Prediction of free-field ground shock spectra us-
ing Dr. Newmark's procedure is considered to be the most
current available for predicting free-field ground motions and
spectra. This procedure is presented in, Protective Construc=-
tion Review Guide, Voluine I, Oilice of the Assistant Secre-
tary of Defense {Installations & Logistics), June 1961,

2. Shock isolation for personnel would probably be
best achieved by the use of a cushioning or frangible -type
material. For example, a {rangible shock isolating concrote
has been developad at Waterways Experiment Station, Vicks-
burg, Misaisaippi. This concrete is composed cf a poly-
urethane foamn aggregaie waich is inexpensive and can be
hardled during construction as conventional concrete, Var-
ious stress-strain properties can be achieved by varying the
foam aggregate-to-cement ratio. This co -~rete could be
used as a footing material, for example, which would sup-
port the normal dead plus live load but would yield plastically
under the higher ground shock dynamic load. The material
could also be placed under the basn slab to absorb energy
transmitted between the ground and the slab. Spun metals
also have been experimented with and show promise as an
energy-absorbing material, A report will be available in
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August 1963 (CRDL Technical Memorandum 21-10, Edgewood
Arsenal, Maryland). Padding could be used within the struc-
ture to further protect personnel from possible injuries due to
impact with the structure floor, walls, or adjacent objects,
An arrangement such as a net or inflated material could be
placed along the wall,

3. The literature presently being investigatcd by
Ammann & Whitney generally represents the current know-
ledge in the field. For a further source of data concerning an
actual design the following should be consulted:

Design for a Cast-in-Place Concrete Shelter, 13 Dec-
ember 1962, U.S, Naval Civil Engineering Laboratory.
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SECTION B-7

MINUTES OF MEETING BETWEEN
THE NAVAL RESEARCH LABORATORY
AND AMMANN & WHITNEY

Presented below are the minutes of a meeting held at
the Nava! Research Laboratory, Washington, D.C., on Jan-
uary 29, 1963, to discuss shock isolation data.

Attendees at the Meetin}_

Dr. Irwin Vigness Naval Research Laboratory
Mr. Samuel Weissman Ammann & Whitney
Dr. Joseph Vellozzi Ammann & Whitney

The meeting was opened with a short summary of the
work being performed by Ammann & Whituey o a study of
shock isolation methods for hardened civi! defense shelters for
the Office of Chief of Engineers. The shelters being consid-
ered are shallow-buried structures designed for a 20-MT wea-
pon burst and for overpressurcs up to 300 p, s.i. As partof
the study, Ammann & Whitney is investigating and compiling
sources of current data in the field pertaining to shock toler-
ances for personnel and equipment and other items, structure
{shelter) response to the iree field ground shock, and current
methods and techniques usod for shock isolation and shock iso-
lation systems previously developed for hardened structures.
Based on this data preliminary recommendations for basic
criteria fo: the shock isolation study have been established,

During the meeting Dr, Vigness took the Amman:. &
Whitney representatives on an interesting tour of the NRL
shock testing equipment. The mediumweight bigh-impact
machine was demonstrated.

The {following is & summary of comments and discus-
sions pertaining to the items posed by Ammann & Whitney.

1. With regard to personnel ground shock sffects,
the high accelerativns associated with the high-frequency
rarge of the spectra would not be critical as a direct effect
since peraonnel will nct respund to these high-frequency com-
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ponents. Consideration of a sudden velocity change would be
more appropriate for evaluating the effects on personnel. Naval
shipboard data have indicated tolerances for impact velocities
up to approximately 10 ft, /sec. for particular body postures
and areas of impact. If a person is standing with his legs
straight and heels against the floor, the person's feet may be
injured.

Personnel are believed to be sufficiently rugged to
survive anticipated motions without appreciable injury. How-
ever, personnel should be either strapped into chairs, pro-
vided with hand holds, or adjacent objects with which person-
nel could collide should be cushioned. In general, itis ad-
visable to provide cushioning material to pad all hard poten-
tial impacl surfaces to provide the most reliable protection.
Loose iteins, such as furniture, etc., should be attached to
the structure,

Ammann & Whitney's future meeting with Dr, Goldman
(Naval Medical Resecarch Institute) should be of particular
value with regard to personnel data since Dr, Goldman is an
outstanding authority on biolagical shock and vibration ef-
fecta.

2, With regard to equipment shock tolerances, most
equipment can sustain a peak acceleration greater than 3 g.,
although a sustained vibration of plus and minus 3 g. could
cause damage depending upon the frequency of the motion as
compared to the equipment frequencies. lowever, in isolat-
ing equipment down to tolerable acceleration response values,
low -frequency sysimms (in the order of 5 c. p. 8. which is
generally lower than squipment frequencies) are achieved !
resonance sLould not be a prcblem. In general, the deter-
mination of an appropriate shock tolerance for equipment re-
quires individual consideration by aralysis or shock tasts.

3. In reference to shock testing of equipment for
naval ships, a test specification for impact or vibration tests
on particular shock testing machines has been established.
Although these tests do not neceesarily duplicate actual ship-
hoard motions. they have an equivulent damage polential for
the intensity of shipboard shark matinn that the equipment
must sustain. In some cases, the equipraent must be rugged-

B-24




ized or shock mounted to withstand the test without damage.
For effective tests, it is advisable that the test procedure be
established on the basis of the particular test machine, For
certain cases, it may be necessary to design special test
equipment to achieve the desired input. It may be possible to
utilize the Navy high-impact machines to attain the same peak
response that the equipment would experience according to the
shock spectra. No two shock motions expected for the actual
ground shock environment are alike. It is desirable to have a
shock test possess the damage potential uf any probable shock.
This can best be accomplished by smootbing the shock apactra
curves 80 as to obtain maximum responses that are expected
from field excitations, The smoothed spectra can usually be
obtained from a single acceleration pulse of sawtooth or half-
sine shape. Thase pulses can be easily generated and their
ragnitudes and durativns adjusted to provide a suitable shock
spsctrum,

4. The residual effect is the sustained vibration at
times greater than the duration of the input motion. Dr.
Vigness illustrates this effect in terms of a residual spectra
which is a plot of the peak response versus frequency for
times greater than the input duration. It is recommended
that the residual spectra as well as the conventional (primary)
spectra be specified. The residual spectra would be helpiul
for evaluating appropriate requirements for damping out the
sustained vibrations. Dr. Vigness is presently developing
residual spectra data {not published at present). This data
indicates that the residual spectra responses are close o the
primary spectra responses in the low-{requency range and
tend to be less than the primary spectra in the high-frequency
range.

%, With rogard to shogk icolation eystems, the Air
Force is currently coneidering the use of air springs. For
civil defense shelters a fiberglass type mater ' usedasa
subfluor may be effective in absorbing input energy. R isad-
vantageous to isolate equipment on a separate shock-mounted
platform. Other springs which can be used are cantilever,
torsion, and coll springs.

6. The following sources of information were pointed
out to supplement the reports already reviewed by Ammann &
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Whitney:

Navy High-Impact Machines for Lightweight and Med-

iumweight Equipment, I Vigness, U.S. Naval Re-
search Laboratory, Washington, D.C,, June 1, 1961,

Handbook of Enviconmental Engineering, E.C. Theiss
etal, Technical Report TR 6] 363, AFS Command,
USAF, Wright Patterson Air Force Base, Ohio, Con-
tract No. AF 33(616) 6252,1961.

Contact C.J. Wesson, Director of National Academy
of Sciences, Environmental Research Council
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SECTICN B-8

MINUTES OF MEETING BLTWEEN
THE NAVAL MEDICAL RESEARCH INSTITUTE
AND AMMANN & WHITNEY

Fresened below are the minutes of a meeting held at
the Naval Medical Research Institute, National Naval Medi-
cal Centcr, Dethesda, Maryland, on February 5, 1963, to
discuss personnel shock effects in connection with this
study,

Attendees at the Meeting_

Cdr. David E. Goldman Naval Medical Research

Institute
Mr, Samuel Weissman Ammann & Whitney
Dr. Joseph Vellozzi Ammann & Whitney

The meeting was opened with an explanation of the
Office of the Chief of Engineers project and of the related work
Luing pertormed by Ammann & Whitney in the investigaiivn oi
literature and data pertaining to shock effects on personnel
for the purpose of establishing requisite shock tolerances and
appropriate protection for personnel housed in a hardened,
shallow-buried, civil defense shelter subjected (o a ground
shock environment associated with a 20-MT nuclear weapon
burst for overpressures ranging up to 300 p.s. .. The inten-
sity and nature of the expected structure motions were des-
cribed and it was pointed out that, i: most cases, the person-
nel in the chelters would be in random positions - standing,
sitting, reclined - and in fower cases personael may be
strapped down in chaics, beds, etc., or be provided v.ih
sther means of bracinag themaselves.

It wis explained by Ammann & Whitney that, based
on their review of avaiiable literature, it appears that many
unknown factors oxist with regard to ground shock effects
on personncl, although data are available pertaining to pe:-
sonncl mhock eftects tor other typee ot shock environments.
The recommmonded paper by Des. Goldman and von Geirke,
“"Effects of Shock and Vibration on Man', was studied and.
based on thio paper and other publications raviewed, Amirinn
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& Whitney established preliminary shock tolerances for per-
sonnel, Considerable judgment was used in the application of
the data for the ground shock environment., It was agreed that
no known personnel shock data tests have been conducted
specifically for the zround shock problem although this type
of testing is presently hcing considered by other agencies.

The folluowing is a summary of comments and d.scus-
sion pertaining to the problems posed by Arminauu & Whitney:

I. The range of magnitude of tne preliminary tolure-
ances established by Ammann & Whitney are reasonable for
the ground shoci @nvironment as based on available informa-
tion. It was reccummended that some of the values for vibra-
tion tolerarces be modified as follows: For 10 to 15 c,p.s.
use 5 g. instead of 3-7 g; for 15 to 20 c.p.s. use 5 g. in-
stead ¢{ 7 g for 20 to 30 c.p.s. use 7 g. instead of 5 g.

Although the vibration tolerances are based on test
data for longer duration exposures than ground shock dura-
ucns, tolerances for shorter durations may not necessarily
be sigruficantly higher, and therc is nu justification for in-
crceasing the recommended values unluss appropriate test data
irdicates otherwise. In addition, the available vibration test
data for scated personnel are for personnel tested in special
protective scats.

The recommendcd impact tolerance values of 8 to
10 ft. /scc. impact velocity with a bard flat surface should
generally be nafe. [If the body is in a flexible position or if
the area of impact is large, higher impact velocities could be
tolurated. Impact with sharp corners should be avoided, A
possible danger is falling over Dackwards and striking the Lovk
of the hoad 1n which case injury may resuit even if there were
no s.ructure motions, although it is to be noted that in moat
casuy tae fall r.ay be cushivned by striking with the back or
arms firast. To provide protaction against tus type of bead
injury, padding is advisable. Padding is alsv required un
sharp corners.

2. With regard to personnel shock tests for the
ground shock cavironment, aach tests would be neccosary o
establish moure aceuraiwe vlerances,  However, it xavald be
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noted that the reliability of personnel test data may be lim-
ited to the particular age range and physical condition of the
persons tested, Ia addition, personnel may be sensitive to
the actual motions which may be difficult to simulate for the
complex ground shock environment. Moreover, since itis
extremely undesirable that volunteers be injured, the toler-
ance values will tend to be consgervative and will also vary
depeading upon subjective responses. Further information
concerning naval shipboard shock tests can be obtained from
Mr. Hirsch, David Taylor Model Basin.

3. With regard to additional reference material, the
reports reviewed by Ammann & Whitney represent, in gen-
eral, the current knowledge in the field in that further invee-
tigation of more detailed reports would probably not afford
additional information leading to recommendation of more
reliable shock tolerance criteria for the ground shock savir-
onment. However, for further discussion of personnel ef-
fects, consultation with Dr. von Geirke at the Wright Pat-
terson Aero-Space Medical Laboratory would be of particular
interest. Other suggested sources of information are:

Federal Aviation Agency, Norman, Oklaboma

Wayne University, Attn: Mr. Lissner
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< APPENDIX C

EQUATIONS FOR CALCULATING FREE-FIELD
AIR-INDUCED GROUND MOTIONS

The following are the equations for calculating free-field
air-induced ground motions as presented in Reference 2. 6.
C-1 Notation

a = maximum vertical transient acceleration, in
gravities,

= seismic velocity of soil in vertical direction, in
ft. per sec.

[¢]

dy = maximum elastic component of ve.tical trans-
ient displacement, in in,; for a trisngular pres-
sure-time pulse d, = bp,,/2E.

dp = permanent vertical displacement after blast,
in in.

E = Young's modulus of elasticity, in p.s.i. For
plane waves E is given by

QB -2 2
;;-L—(#—-KT_“ P

where p i¢ the mass denaity of the soil, i in

Poisava's ratio, and c is the snismic velccity as _
defined above. For values nf 4 of 0,25 ov inss, .
the relationship is approximately E = pc 2 and

for soil with a density of about 115 b, per cu.

ft. an approximate value of ¥ {a

2
E « 25,000 psi I:l'm'%p_a']

h * depth to which shock extunde in time ¢, in {1}

. h & ct; = 400 1t N 100 »nst W
1000 {ps 0 _
) o .

Ca
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n

quantity in units of ft., a function of overpres-
sure and duration, used in pressure and veloc-
ity attenuation relationship,

= peak overpressurc in shock wave, in p.s.i.

t. = eflective duration of shock, corresponding to a
triangular pressure pulse having the same im-
pulse as the actual shock, in sec.

0. 06 1/3
t. = 0.40 sec. |100 psi w ‘l
' I: '°] EMT_I

t = effective velocity pulse rise time, in sec,;
field obsgervations indicate that

t =

1l y
ro2

<
for a homogeneous medium,

v = maximum vertical transient velocity, in {t.
per sec.

W = yield of weapon, in Megatons.

y = depth below surface to puint considered, in ft,
2 < attenuation factor for velocity or stress.
‘Subscripts: "s' denotes the surface and 'y’ denote. »

diswmace y bolow the surfuce.

Ce2 Free-Fiald Air-induced Ea\ 1
Motions at Surface

C+2.! Maximum Transient Vertical Displacement at Surface

The elastic component of the maximum transieat verti-
cal displacement ui a homsgeneous material may be taken as )
follows:
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0.4 1/3

- loin | Pso | [1000 fps |[ w -
dge = 10 in. l_lOO oo I: = ][IM'T'] (C-1)

The permanent vertical displacement depends on the
overpressure and on the plastic properties of the soil in the
upper 50 to 100 ft. Itis often of negligible magnitude for
overpressures less than 100 p. s.i,, but for soft and weak soile
it can be as much ar 5 or &6 in, at the surface, even at an
overpressure as lcw as 100 p.s.i. If static stress-strain
curves for the scil are not available from -which to estimite
the permaunent displacement, it is suggested that it be taken as

follows:
2

- 40
dgp &9_?5._ in. I:lococ fp_s] (G-2)

In this equation, ¢ is the seismic velocity near ue surface.
When the equation is used, a cut-off in purmanoent displa=e-
ment occurs at 40 p.s.i. Available evidence indicates that
permanent displacemerts generally are of a negligible magat-
tude at pressurcs below 40 p.s.i.; accordingly itis recom-
mended generally that d_ , be taken as mero [or pressures less
than 40 p.s.i. In excepticnal cases there may he reasen to
estimate the permanent displacement for lower prossures from
known stress-strain psoperties when the soil properties are
available.

The maximum transient elastic vertical displacement

in a layered or in a non=-homogensous systam can be different
{rom Eq. (C-l). For a rigid layer near the surface, dbutata
Aspth sreater than h. theru can be a complete reflection w~iich
at must could double the value of d,, arising from the near sur-
face straina., For a system with variable proportiss, or lay-
ers, the valut should be camputed for several pesitions of the
shock, taking account of the values of c for each layer, and
adding up the instantaneous values of strain so determined.

C-2¢.2 Maximum Transient Vertical Velocity at Surface

The maximum trarsient vertical velncity can be takea
as:

I
‘
1
i




Vs T €Pg,/E
whence !
vy = 4.0 fps |__ Pso 1000 fps | (C-3)
I_IOU psi 7

C-2.3 Maximum Transient Vertical Acceleration

This 1s computed by assuming a rise time for the max-~
imum velocity (or maximum pressure) of about 0, 001 sec.,
from which it foilows that

a, = 150 g LTW__,] [-1000 fgl] (C-4)

In the last two equations, one must use the surface seismic
velucity, However, the maximum acceleration is not neces-
sarily related to the maximum velocity, but may be larger
than the value computed from Eq. (C-4). Therefore, itis
recommended that even for high seismic velocities, a value
of ¢ no greater than 2000 ft. pur sec. be used.

C-2.4 Free-Field Horizontal Effects at Surface

For horizontal surface effects, take the maximum dis-
placement as 1/3 the vertical, the maximum velocity »s 2/3
the vertical, and thr maximum acceleraliva equal to the
vertical.

C-3 Frec-Ficld Effects at Depth

The digplacement, velocity, and acceleruiion are at-
tenusted with depth. Although experimental _ata are scarce,
the following basis reems reasonable for computing the effects
at a depth vy,

C-3, 1 Vertical Displacement at Depth y

The difference in dieplacement between the surface
ann the Jupth y cannot exceed the sum of the maximum strains

C-4




between these points, and can be considerably less than this.
Between the surface and a depth of 100 ft., the maxinwum pos-
sible elastic strain, assuming no attenuation of pressure,
gives an upper limit to the elastic component of the difizren=-
tial displacement, of magnitude

‘)
4.8 in. | Pso " 1000 fps (C-5)
100 ps 3

The actual difference in deflection may be taken as one-half
this value, which is cunsidered to be a more reasonable value
and considered to vary linearly with depth down to 100 ft,

The permanent vertical displacement attenuates rapidly, and
can be assumed to vary linearly from the surface value, given
by Eq. (C-2), to zero at a depth of 100 ft,

C-3.2 Vertical Velocity at Depth y

The vertical velocity at depth y is attenuated roughly
in the same way as the maximum stress, or

Vy = dv‘ (C-6)

1

where (- S . S
1 +y/L

0.6 1/3
and L = 300 ft. [‘g‘; '*] [mwél for pyy = 500 pai
0.1 L3

L = 138 ¢, | 100 psi W for p = %00 pai
[ Pro T™MT "o

C-3.3 Vertical Acceleration at Depth y

The time of rise of the maximum velocity from an in-
itial zero value ¢. velocity can be taken as one-half the
transit time of the shock wave from the surface to the depth
considered. ‘!lowever, the maximum acceleration can be con-
sidered to be tvit« the value obtained from the assumption
that the maxiinum -elocity is obtained linearly. This lewds &

the ralatiun:
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Vy 1

= 2g T C-7
y 32 ft/sec® ( )

a

The rise time of the peak velocity should not be taken
as less than 0.001 sec. This procedure gives less attenua-
tion of acceleration in rock than in soft soil, which is rea-
sonable., If no attenuation of velocity or pressure with depth
is assumed, the use of Eq. (C=-3) and (C-7) gives the following

result:
3 = 5g 100 100 ft, (C-8)
100 psi psx

C-3.4 Horizontal Motions at Depth y

The ratios of peak horizontal to peak vertical dis-
placements, velocities, and accelerations at depth y are to be
taxen as 1/3, 2/3, and !, respectively.




APPENDIX D

PROCEDURE FOR CALCULATING SYNTHESIZED
GROUND MOTION VERSUS TIME

The following is the procedure for calculating a synthe-
sized ground motion versus time as presented in Reference
3. 14,

In many cases free-field ground shock spectra cannot
be used directly for the analysis of a structure and its contents.
However, a synthesized ground wmotion curve consistent with
the spectra is useful. Such ground motions have beun synthe-
cized by approximating the ground motion as a single velocity
or displacement pulse. Figure D-1 shows a typical velocity
and displacement pulse. This pulse was derived from a partic-
ular shock spectra curve, and when applied t. a series of sin-
gledegree-of-freedom oscillators would approximately result
in the peak response of the spectra. The velocity pulse is de-
rived from a given response spectra curve by the following re-
lationships and the displacement pulse is determined by inte-
grating the velocity pulse.

A velocity pulse of the following form has been found to
agree with spectra within reasonable limits:

v s vo[e]-t/‘l’ 'VOPJ -at/v (D-1)

the velacity of the support as a function o. time
{inchas per second)

peak velocity input {constant for a pafticulu
spoctra curve) (inches per sacond)

time (seconds)

parametar in units of time (eeconds) {cor.staut for
a particular spectra curve)




@ - dimensionless parameter (cor-tar: “ur a par-
ticular spectra curve)

e = base of natural legarithms

The parameters v_, ¥ and @ are a function cf the
shape of the spectra curve (for example, dashed line of ligure
2-2). v, and T are essentially dependent upon the 'ow fre-
nuency range of the spectra and primarily describe the peak
velocity and decay of the velocity pulse. @ i3 dependent
upun the high frequency range of the spectra and primarily af-
fects the rise time to the r2uk veiocity of the velucity pulse.
First trial values fo: vy and T are obtained by neglecting the
second term ~f fenatiany D-] and substituting the displacement
response values for two points from the given spectra in the
following equations:

(D-2)

2
la-zx.n
3 + ¢ -
u, uzf()
T

ve

|
2 2
\l’usul l"‘ﬂl 4
T

displacement response {(inches) for frequency w,

displacement response (inches) for frequencv v,

undamped natural circular frequency (radians
par second)

Since Equations D-2 and D=3 are baseu on the low fre-
quency range of the spectra, 1t is necessary to select the two
points at frequencies below the frequency at which the peak ac-
celeration rosponse of the spectra occurs, a point in the very
low frequency range of the spectira curve and another at a
higher frequency depending un the particular spectra shape.

D-2




Onze T and v_ have been estimated, @ is then
computed. @ is a function of the rise time as follows:

T ina (D-4)
a-1
Where t, is the rise tim2. In most cases the rise
time wil! not be accurately known and the following expres-
sion can be used:

(D-5)

Where Am is the peak acceleration for a particular
spectra curve.

It is necessary to check several! points on the spectra
since the shape of particular spectra may not exactly corres-
pond to the velocity pulse at every frequency. This may be
done by subastituting values of the natural circular frequency
in Equation D-6 Leluw «t various points throughout the spectra
with the previously determined valuesof v, * , and @ ,
and comparing the displacement u so determined with the
given spectra. In general, the twc spectra will not exactly
coincide at every frequency and it may be nacessary to ad-
just Vo and/or T . taking into account the corresponding
change in @ . in order to obtain a velocity pulse resulting
in responses approximately consistent with th2 entire ipec-
trum curve. In some cases it may be necossary tv usea
velocity pulsv which recsults in canservative recponmes at
certain frequencies in order that other frequency responses
are not tov low compared to the given spectrs rurve.

7 FY VO T ‘l

' D-$6
v \ﬁa + v w?) (gl v @2 (D-8)

where “~ i® the displaceinent reaponse for a particular fre-
guency & from the respunsec spectra.

When doriving a velocity pulse from design spectra
of the envelope type ahown in the solid line of Figure 2-2, the

general velocity pulse principles are still valid, although it
is not neveanrary that the velocity pulse correspond to the

D}




response at all frequencies. In fact, for this type of spectra
the velocity pulse cannot conform at all frequencies since the
spectrum does not conform to the response variation consis-
teat with vibration theury in that responses are constant

over a range of frequencies. However, this apectra repre-
sents conservative values in certain frequency ranges and cor-
rect values at the eud points and the intermediate point on the
specirum.  With ths cpeotra propertios in mind, 2 rations)
velocity puise can be derived by matcaing points which are
known to be the controlling response of the design spectia and
permilting particular frequency responses resulting {from the
velocity pulse to be lower than the envciope in Sccordance
with the actual variation for a true spectra curve.

When calculating the first trial vaiues uviv, and ¥
it is best to rhoose the following two points on the spectra.
(1) The peak displacement response at the left side (very low
frequenuy range) of the spectra. and (2) the lowes’ {requency
at which the peak acceleration ocuurs. After vo and ¥ are
estimated, @ i» tomputes rnd it is again necessary to
check various points on the specira and adjust the parameters.,
i{ neceaaary, in accordance with ‘he above discussion.
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Fig. D1 TYPICAL VELOCITY AND DISPLACEMENT PULSE
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